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INTRODUCTION. 

OWING  to  the  great  importance  of  inductive  phenomena,  from  both 
scientific  and  practical  standpoints,  the  California  Railroad  Com- 
mission deems  it  advisable  to  collect  in  a  pubUcatifm  the  most  important 
of  the  Technical  Reports  of  the  Joint  Committee  on  Inductive  Inter- 
ference, together  with  the  Preliminary  and  Final  reports  1^  the  eom- 
mittee  to  the  commission,  and  the  General  Order  resulting  therefrom. 

The  technical  reports  selected  for  this  publication  enm prise  the 
most  important  ones,  and  will  be,  we  believe,  of  permanent  interest  to 
all  students  of  this  subject.  They  constitute,  collectively,  a  practically 
complete  record  of  the  principal  activities  and  findings  of  the  committee. 
The  reports  also  include  a  large  amount  of  fundamental  data  derived 
from  actual  tests  on  commercial  lines. 

As  the  subject  of  inductive  interference  is,  inherently,  a  rather 
difficult  one  and  the  available  information  is  very  meager,  the  com- 
mission believes  that  those  who  are  interested  will  welcome  the  oppor- 
tunity to  secure  a  record  of  these  researches.  Of  course,  the  committee 
does  not  profess  to  have  covered  the  subject  completely,  Certain 
important  features  it  was  impossible  to  take  up  with  the  means  avail- 
able. Still,  the  work  has  been  carried  considerably  farther  along 
several  lines  than  in  any  other  investigation  of  which  the  committee  has 
knowledge  and  it  is  believed  that  much  of  the  information  herein 
contained  is  not  obtainable  elsewhere. 

The  extensive  use  of  hydroelectric  power  in  California  has  resulted 
in  the  development  of  lat^e  high  voltage  electric  tranamiaaion  and 
digtrtbntion  systems  comprising  several  thousand  miles  of  lines.  The 
telephone  and  telegraph  services  of  the  state  likewise  have  developed 
into  systems  aggregating  thousands  of  miles  of  communication  lines. 
The  present  principal  power  transmission  lines  and  their  hydroelectric 
plants  and  the  main  telephone  toll  lines  are  shown  on  a  map  of  the 
state  on  page  11.  Another  map,  on  page  12,  shows  the  power  and 
communication  lines  and  the  towns  directly  involved  in  the  investi- 
gations of  the  Joint  Committee  on  Inductive  Interference. 

References  will  occasionally  be  found  in  the  text  to  technical  reports 
not  included  in  the  publication.  In  such  cases  examination  of  the 
topical  index  will  indicate  where  the  subject  matter  is  disensaed  in  the 
published  reports. 

The  credit  for  this  work  belongs  to  the  members  and  technical  staff 
of  the  Joint  Committee.    A  chart  of  the  committee  oi^anization  is 
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shown  on  pa^e  84.  Particular  credit  is  due  the  engineers  who  man- 
aged and  conducted  the  various  investigations  and  whose  names  appear 
as  signatures  to  the  various  reports. 

Much  effort  has  been  spent  to  eliminate  errors.  The  commission  will 
appreciate  receiving  notice  of  any  that  may  be  found. 

Publication  has  involved  the  reproduction  of  a  great  many  diagrams, 
curve  sheets  and  record  forms.  Parties  interested  may  secure  blue- 
prints or  Van  Dyke  negatives  from  the  California  Railroad  Gommis- 
sion,  at  cost. 

Copies  of  the  Preliminary  and  Final  Beporta  and  the  eommission's 
General  Order  No.  52  are  available  in  pamphlet  form,  and  may,  upon 
request,  be  obtained  from  the  commission. 

We  desire  to  express  our  appreciation,  and  give  credit,  to  our 
Engineering  Department  which  has  been  in  charge  of  and  has  m^de 
possible  the  publication  of  this  work. 

RAILROAD  COMMISSION  OF  THE 
STATE  OF  CALIFORNIA. 
Richard  Sachse,  Edwin  0.  Edgerton. 

Chief  Engineer.  H.  D.  Loveland. 

Frank  R.  Deyun, 
Habley  "W.  Bbundioe. 
lavma  Martin. 


San  Franciseo,  California, 
June  1,  1919. 
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INTRODUCTION. 

In  Jnly,  1914,  the  California  Railroad  Commission  published  the  first 
report  of  the  Joint  Committee  on  Inductive  Interference  to  the  Com- 
mis^on  and  arranged  for  free  distribution  of  the  report  to  interested 
engineers  and  other  parties.  We  then  authorized  the  Committee  to 
continue  its  work  and  the  present  final  report  is  the  result. 

Complying  with  requests,  not  only  of  the  members  of  the  Joint  Com- 
mittee, but  also  from  many  other  sources,  we  have  derided  to  publish 
this  final  report  in  the  same  form  as  the  first  report  was  published. 
Vt'e  have  also  concluded  to  publish  in  tK>ok  form  a  number  of  the  tech- 
nical reports  of  the  Joint  Committee  (see  Appendix  II  of  this  report), 
and  this  publication  is  now  in  the  course  of  printing  and  will  be  sold  at 
cost  by  the  Commission. 

The  rules  proposed  by  the  Committee  have  been  adopted  by  the 
Commission  and  General  Order  No.  52,  superseding  General  Order 
Xo.  39,  "In  the  Matter  of  the  Construction  and- Operation  of  Power 
and  Communication  Lines  for  the  Prevention  or  Jliti^ration  of  Induc- 
tive Interference,"  effective  August  1,  1918,  has  been  issued. 

The  task  of  the  Joint  Committee  is  now  completed.  The  CommLs- 
sion's  appreciation  of  the  work  done  was  .expressed  in  a  letter  of 
November  14,  1917,  to  the  individual  members  of  the  Committee,  read- 
ing in  part  as  follows: 

"We  acknowledge  receipt  of  final  report  of  the  Joint  Committee 
on  Inductive  Interference,  dated  September  28,  1917. 

In  receiving  this  final  report  and  in  accepting  the  resignations 
of  the  members  of  the  Joint  Committee,  we  desire  to  express  to 
each  member  of  the  Committee  our  very  sincere  appreciation  for 
the  splendid  work  which  the  Joint  Committee  has  done  during  the 
last  five  years. 

The  work  in  its  complete  form  is  a  monument  to  this  Committee 
of  which  each  member  must  be  justly  proud. 

The  Railroad  Commission  will  give  prompt  consideration  to  the 
recommendations  of  the  Joint  Committee  with  reference  to  certain 
changes  in  General  Order  No.  39.  The  Commission  is  also  taking 
up  the  qiie-stion  of  the  publication  in  book  form  of  a  number  of  the 
technical  reports  of  the  Joint  Committee. 

As  soon  as  the  matter  of  the  publication  of  the  book  has  been 
finally  determined  upon,  the  Railroad  Commission  will  also  pub- 
lish in  pamphlet  form  the  Joint  Committee's  final  report. 

The  Commission  is  asking  the  Chairman  of  the  Joint  Committee 
to  make  the  necessary  arrangements  so  that  the  records  and  corre- 
spondence files  of  the  Joint  Committee  may  be  transmitted  to  the 
Railroad  Commission  for  permanent  eostody." 
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Since  the  date  of  that  letter  the  value  of  the  labor  accomplished  by 
the  Joint  Committee  has  become  even  more  apparent,  and  we  take  this 
occasion  to  express  again  our  sincere  appreciation. 

CALIFORNIA  RAILROAD  COMMISSION. 
E.  0.  Edobrton, 
h.  d.  loveland, 
Alex  Gordon, 
Frank  R.  Devun, 

Commissioners. 

Still  Francisco,  California, 
S.'pl.'niber  13,  1918. 
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LETTER  OF  TRANSMITTAL. 

September  28,  1917. 
To  the  SaHroad  Commission  of  the  State  of  Calif orwia; 

Gentlemen  :  Nearly  five  years  ago  the  Joint  Committee  on  Inductive 
Interference  was  organized  under  the  anspices  of  the  Railroad  Com- 
mission of  the  State  of  California  and  began  its  investigations  with  the 
object  of  developing  a  better  understanding  of  the  subject  of  inductive 
interference  and  particularly  of  acquiring  information  necessary  for 
establishing  regulations  which  could  be  accepted  by  all  interests  con- 
cerned as  being  effective,  comprehensive  and  reasonable. 
•  In  July,  1914,  the  Joint  Committee  rendered  to  the  Railroad  Com- 
mission a  preliminary  report  containing  an  account  of  its  investigations 
up  to  tha't  time  and  including  provisional  rules  which  were  recom- 
mended for  immediate  adoption.  These  rules  were  approved  and  are 
embodied  in  your  General  Order  No.  39,  which  is,  now  in  effect  in 
California. 

In  its  preliminary  report  the  Joint  Committee  outlined  further 
investigations  which  it  seemed  important  to  make  preparatory  to  putting 
the  rules  into  more  permanent  shape  and  asked  your  authorization  to 
carry  on  these  investigations.  This  request  being  approved,  the  work 
was  resumed  and  much  additional  information  has  since  been  obtained. 
The  past  few  months  have  been  devoted  to  the  preparation  of  a  report 
outlining  briefly  the  main  features  of  all  work  done  by  the  Joint  Com- 
mittee, This  report,  which  is  submitted  herewith,  contains  a  draft  of 
revised  rules  which  are  believed  to  represent  a  substantial  improvement 
over  the  rules  contained  in  the  1914  report.  The  Joint  Committee 
recommends  that  these  revised  rules  be  approved  by  the  Railroad  Com- 
mission and  issued  as  a  new  order  to  supersede  General  Order  No,  39. 

An  attempt  was  made  to  meet  the  urgent  demand  for  information 
defining  the  limiting  relationships  between  power  and  communication 
lines  which  constitute  a  parallel.  It  was  found,  however,  that  sufficient 
information  was  not  at  hand  to  satisfy  all  parties  as  to  a  basis  upon 
which  these  relationahips  could  be  set  forth  definitely. 

While  the  subject  of  inductive  interference  offers  an  almost  inex- 
haustible field  for  further  investigation,  the  Joint  Committee  feels  that 
the  object  for  which  it  was  formed  has  now  been  substantially 
accomi^shed  and  it  seems  unnecessary  that  its  work  should  be  further 
prolonged.  The  rules  recommended  will  constitute,  it  is  hoped,  a 
satisfactory  basis  of  procedure  for  several  years  at  least,  in  dealing 
with  cases  of  inductive  interference,  assuming  a  proper  spirit  of 
co-operation  among  the  companies  concerned.  The  rules  themselves 
definitely  call  for  'and  emphasize  the  necessity  for  this  co-operation. 
In  course  of  time,  no  doubt,  the  experience  gained  in  the  application  of 
these  rules,  together  with  advances  in  the  art,  will  make  it  desirable 
that  the  rules  be  changed  in  some  respects,  but  such  changes  are  thought 
to  be  a  matter  of  the  more  or  less  distant  future  and  not  to  require  the 
continuance  of  the  Joint  Committee.  ,( 
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From  time  to  time  during  the  course  of  this  investigation  Technical 
Reports  have  been  prepared  setting  forth  in  detail  the  matters  which 
have  been  studied  and  the  results  and  conclusions  derived.  There  are 
in  all  71  of  these  Technical  Reports  which  are  listed  in  Appendix  II  of 
the  report  herewith  transmitted.  As  they  contain  a.  larp;e  amount  of 
valuable  information  and  are  in  fact  the  only  records  of  most  of  the 
data  derived  by  the  Joint  Committee,  it  is  particularly  important  that 
they  be  rendered  available  to  persons  interested.  To  this  end,  the 
Joint  Committee  has  selected  30  of  the  most  valuable  of  these  Technical 
Reports  and  earnestly  recommends  to  the  Railroad  Commission  that 
these  be  printed  in  a  suitable  volume  by  the  State  of  California  and 
offered  for  sale  to  libraries,  colleges,  companies,  societies  and  individuals 
interested.  The  reports  recommended  for  publication  are  so  desig- 
nated in  the  list  given  in  Appendix  II. 

The  official  copies  of  the  Technical  Reports,  other  original  records, 
and  the  correspondence  files  of  the  Committee  are  ready  to  be  placed  in 
the  custody  of  the  Commission. 

In  transmitting  this  report,  which  marks  the  couclusion  of  its  work, 
the  Joint  Committee  desires  to  express  its  satisfaction  at  the  degree 
of  success  which  hSs  been  reached  in  composing  the  differences  formerly 
existing  in  California  between  the  power  aud  communication  interests, 
differences  doe  principally  to  lack  of  familiarity  with  the  phj-sical 
aspects  of  this  subject.  While  it  would  be  too  much  to  say  that  there 
is  now  complete  unanimity  of  opinion  on  every  feature,  still  the  Joint 
Committee  has  been  able,  after  careful  consideration  of  all  information 
available,  to  agree  unanimously  upon  the  present  report.  In  the 
opinion  of  the  Committee  the  results  accomplished  emphasize  strongly 
the  superiority  of  a  co-operative  investigation  of  this  kind,  whereby  the 
fundamental  facts  are  ascertained  and  acted  upon,  as  compared  with 
litigation  or  other  methods  of  arbitrary  settlement  without  the  benefits 
derived  from  such  investigation. 

In  conclusion,  the  Joint  Committee  takes  pleasure  in  acknowledging 
that  the  credit  for  what  has  been  accomplished  is  due  primarily  to  the 
Railroad  Commission  of  the  State  of  California  which  has  consistently 
held  to  the  policy  of  a  co-operative  investigation  and  has  cordially  sup- 
ported this  Committee  in  its  work. 

Respectfully  submitted. 
(Signed) 

A.  H.  Griswold,  Jahss  T.  Shaw, 
H,  A,  Barbe,                       .  RiCHABn  Sachse, 

J.  B.  WooDBBiDflE,  p.  Emerson  Hoar, 

J,  L.  Obd,  Arthur  F.   Beidoe, 

V,  V,  Stevenson,  A.  L.  Whson, 

R..W.  Mastiok,  John  A.  Koontz, 

Howard  S.  Warren,  J.  P.  Jollyman, 

C.  H.  Temple,  P.  M.  Downing, 


A.  H.  Babcock. 
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FINAL  REPORT 

Joint  Committee  on  Inductive  Interference  to 

the  Railroad  Commission  of  the 

State  of  California 

INTRODUCTION. 

This  report  embodies  the  results  of  an  investigation  by  the  Joint 
Committee  on  Inductive  Interference,  extending  over  a  period  of 
approximately  four  years.  The  task  undertaken  by  this  Committee 
was  a  study  of  the  problem  of  interference  with  communication  (aignal) 
circuits  caused  by  the  inductive  effects  of  neighboring  power  (electrical 
supply)  circuits,  including  field  experiments  and  teats  necessary  to 
determine  the  underlying  physical  facts,  and  the  preparation  of  reeom- 
raeodations  to  the  Railroad  Commission  of  the  State  of  California  for 
its  guidance  in  making  rulings  designed  to  prevent  or  mitigate  such 
interference. 

A  previous  report  by  this  Committee  to  the  Railroad  Commission  was 
rendered  on  July  7,  1914,  embodying  the  results  of  the  first  two  years 
of  the  investigation  and  including  provisional  rules  for  the  prevention 
or  mitigation  of  inductive  interference,  based  on  the  information 
available  at  that  time.  The  rules  therein  recommended  were  adopted 
by  the  Railroad  Commission  in  its  General  Order  No.  39,  efEeetive 
August  20,  1914.  The  previous  report  also  contains  an  outline  of 
further  investigations  which  this  Committee  considered  essential  in 
order  that  additional  information  might  be  acquired  for  amplifying 
and  revising  the  rules  to  make  them  more  definite  and  complete.  These 
further  investigations  have  now  been  carried  out,  as  far  as  practicable, 
and  certain  additional  work  directed  toward  the  same  end  has  also 
been  done. 

Having  completed  the  field  investigations  and  having  carefully 
analyzed  and  studied  all  information  accumulated,  the  Committee  now 
presents  its  final  report,  including  revised  rules  for  preventing  or 
reducing  inductive  interference.  The  new  rules  are  not  radically  dif- 
ferent in  substance  from  the  rules  formerly  recommended  and  now  in 
effect  in  California,  but  are  considerably  changed  in  form  and  arrange- 
ment. They  are  more  specific  as  to  certain  of  the  requirements,  more 
complete  in  several  respects,  less  arbitrary  in  setting  physical  limits 
to  be  observed,  more  clearly  expressed  and,  it  is  believed,  better  adapted 
to  the  conditions  of  practical  use. 

This  report,  which  contains  an  account  of  the  Committee's  work 
from  the  beginning,  including  that  covered  by  the  preliminary  report, 
is  divided,  for  convenience,  into  three  parts  as  follows: 

Part  One  gives  a  historical  account  of  the  Committee's  formation 
and  activities. 

Part  Two  presents,  in  nontechnical  language,  so  far  as  possible,  the 
nature  of  the  subject,  a  brief  resume  of  the  principal  facta  established 
or  agreed  upon  by  the  Committee,  and  a  concise  statement  of  the 
physical  principles  underlying  preventive  or  remedial  measures. 

Part  Three  contains  the  Oommittee's  final  recommendations  for  rules, 
tftgeHiei  with  explanations  of  the  same  in  detail.  '  S 


INDUCTIVE   INTERFERENCE. 


HISTORY  OP  COMMITTEE'S  ORGANIZATION  «*D  WORit 

Formation  of  Committee. 

The  formatioii  of  the  Joint  Committee  on  Inductive  Interference  was 
the  outgrowth  of  certain  differeneee  involving  power,  communication 
and  railroad  interests  which  were  brought   to   the   attention  of  the 
Railroad  Commisaion  of  the  State  of  California.     As  an  alternative  to 
contesting  the  issue  at  that  time  it  was  agreed  by  the  power  and  com- 
munication companies,  with  the  approval  of  the  Commission,  that  a  joint 
investigation  should  be  made  to  obtain  certain  information  easential 
to  a  proper  solution  of  the  difficulties  due  to  inductive  interference. 
The  Commission  desired  that  the  matter  be  thoroughly  investigated 
before  passing  upon  the  general  principles  involved  in  these  difficulties. 
To  this  end  a  general  conference  was  called  to  select  representatives 
to  form  a  "Joint  Committee"  empowered  to  conduct   tests,   esperi- 
ments,  and  investigations,  the  results  of  which  would  serve  as  a  basis 
of  recommendations  for  rules  and  I'egulations  to  be  issued  by  the  Com- 
misaion,   tending   to   minimize    inductive    interference    and    physical 
hazard  arising  from  parallelism  of  diiferent  classes  of  circuits.     This 
conference  was  held  December  16,  1912.     As  a  result  the  Joint  Com- 
mittee on  Inductive  Interference,  representing  the  Railroad  Commis- 
sion and  railroad,  power  and   communication  interests  of  the  state, 
was  organized  and  authorized  by  the  Commission  to  conduct  the  desired 
investigation. 
Poraonnsl. 
The  personnel  of  the  Committee  selected  is  given  below. 
Representing  the  Railroad  Commission: 
Mr.  B.  A.  Thompson,  Chief  Engineer. 
Mr.  A.  R.  Kelley,  Assistant  Engineer. 
Mr.  James  T.  Shaw,  Assistant  Rate  Expert. 
Mr.  P.  Emerson  Hoar,  Assistant  Rate  Expert. 
Representing  Railroad  Interests: 

Mr.   A.   H.   Babeock,    Consulting   Electrical   Engineer,    Southern 
Pacific  Company. 
Representing  Telephone  and  Telegraph  Interests: 
Mr.  A.  H.  Griswold,  Plant  Engineer,  The  Pacific  Telephone  and 

Telegraph  Company. 
Mr.  R.  W.  Gray,  Division  Superintendent,  Western  Union  Tele- 
graph Company. 
Mr.  C.  H.  Temple,  General  IVIanager,  United  States  Long  Distance 

Telephone  Company, 
Mr.    L.    M.    Ellis,    General    Manager,    Union    Home    Telephone 
Company. 
Representing  Power  Interests: 

Mr.  H.  A.  Barre,  Electrical  Engineer,  Pacific  Light  and  Power 

Corporation. 
Mr.  Louis  Elliott,  Engineer,  Great  Western  Power  Company, 
Mr.  P.  M,  Downing,  Engineer,  Pacific  Gas  and  Electric  Company. 
Mr.  J.  E.  Woodbridge,  Chief  Engineer,  Sierra  and  San  Francisco 
Power  Company, 
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Since  the  £oniiatioD  of  the  Comoiittefi,  tiiroagh  additions,  r«signatipii 
or  death,  the  personnel  of  the  Committee  has  changed  as  follows: 

Hr.  Loais  £Uiott  reaicned  and  M£.lJ. -A.  Koonte,  ^gineer.oE  the 
Great  Western  Power  Company,  was  appointed  in  hisplaee. 

Mr,  V.  V,  Stevensoo,  Electrical  Engineer  of  the  Postal  Telegraph- 
Cable  Company,  and  Mr.  L.  N.  Peart,  General  Soperinteodent  of  the 
San  Joaquin  Light  and  Power  Company,  were  added  to  the  ari^iMii 
Dembetship  by  action  of  the  Committee. 

Mr,  R.  A.  Thompson,  Chairmaa  of  the  Joint  Committee,  resigned, 
Mr.  W,  C.  Earle,  his  successor  as  Chief  Engineer  of  the  Commission, 
was  elected  to  membership  and  chairmanship.  Subsequently  Mr.  Earle 
resigned  and  Mr.  Richard  Sachse,  who  succeeded  Mr.  Earle  as  Chief 
Engineer  of  the  Railroad  Commission,  was  elected  a  member  and 
Chairman  of  the  Committee. 

Mr.  L.  M.  Ellis  resigned  and  Mr.  R.  W.  Mastick,  Truismission  and 
Protection  Engineer  of  the  Pacific  Telephone  and  Telegraph  Company, 
was  elected  to  membership. 

Mr.  H.  S.  Warren,  Electrical  Engineer  of  the  American  Telephone 
and  Telegraph  Company,  was  elected  to  honorary  membership. 

Mr.  James  T.  Shaw,  Secretary  of  the  Joint  Committee,  resigned. 
Mr.  A.  R.  Selley  was  elected  to  the  ofSce  pf  Secretary.  The  vacancy  in 
membership  created  by  the  resignation  of  Mr.  Shaw  was  later  filled  by 
the  election  of  Mr.  A.  L.  Wilson,  Assistant  Rate  Expert  of  the  Railroad 
Commission.     Mr.  James  T.  Shaw  was  elected  to  honoraiy  membership. 

The  death  of  Mr.  L.  N.  Peart  created  a  vacancy  which  was  filled  by 
the  election  of  Mr.  J.  P.  Jollyman,  Engineer  of  Elecbrical  ConMrvction 
of  the  Pacific  Gaa  and  Electric  Company. 

Mr.  A.  B.  Kelley  resigned,  and  Mr.  A.  F.  Bridge,  Assistant  Slactrical 
Engineer  of  the  Railroad  Commission,  was  elected  to  membership  and 
to  the  office  of  Secretary. 

J^fr.  R.  W.  Gray  resigned  and  Mr.  J.  L.  Ord,  Diviuon  Plant  Superin- 
tendent of  the  Western  Union  Telegraph  Company,  was  elected  to 
membership. 

Organiiatiofi. 

The  oi^uiization  and  perstmnel  of  the  Joint  Comnittee  on  Inductive 
Interference  were  approved  by  the  Railroad  Commission  on  January 
6,  1913,  and  the  Committee  thereupon  proceeded  with  its  tests  and 
investigations. 

For  the  more  efficient  conduet  of  its  work  the  JiHOt  Committee  was 
divided  into  several  subcommittoes,  each  aasi^ed  to  and  retponsible 
for  certain  branches  of  the  investigation.  The  present  organization  of 
the  Committee  is  given  on  a  chart  presented  as  Appendix  V. 

Early  in  its  work  the  Committee  established  a  field  enfpnoering  staff, 
reporting  to  the  Subcommittee  cm  Tests,  to  conduct  the  necessary  teats 
and  investigations.  This  field  staff  was  at  first  composed  of  engineers 
in  the  employ  of  The  Pacific  Telephone  and  Telegraph  Company  and  the 
American  Telephone  and  Telegraph  Company,  and  was  later  augmented 
by  the  addition  of  two  engineers  and  a  stenographer,  engaged  by  the 
Committee.  Since  August,  1914,  the.  stenographer  bos  been  provided 
by  the  Railroad  Commission.     In  November,  1914,  a  third  engineer  was 


.Goo^^lc 


26  INDUCnVB  TN  TUmalENCE. 

engaged  by  tbe  Committee  and  three  Trere  retained  in  Its  employ  for 
nearly  a  year. 

The  Committee  wishes  to  express  ita  appreciation  of  the  iiU«  maimer 
in  which  Mr.  L.  P.  Ferris  has  supervised  the  analytiealand  theoretieal 
work. 

InvMtlBationt. 

Previous  to  the  formation  of  tlie  Joint  Committee  In  December,  1912, 
The  Pacific  Telephone  and  Telegraph  Company  had  started  an  investi- 
gation of  inductive  interference  between  the  lines  of  the  Coast  Counties 
Oas  and  Electric  Company  and  the  lines  of  the  telephone  company  in 
the  neighborhood  of  Morgan  Hill  in  Santa  Clara  County.  This  inves- 
tigation was  completed  by  the  Committee  and  its  results  have  been 
considered  in  connection  with  other  work  carried  out  by  the  Committee. 

In  January,  1913,  the  Committee  established  its  field  staff  at  Salinas, 
to  investigate  parallels  on  the  line  of  the  Sierra  and  San  Francisco 
Power  Company  north  of  Salinas  and  on  the  line  of  the  Coast  Valleys 
Gas  and  Electric  Company  south  of  Salinas,  both  of  these  power  lines 
being  parallel  with  the  lines  of  The  Pacific  Telephone  and  Telegraph 
Company,  the  Western  Union  Telegraph  Company  and  the  Soutfaem 
Pacific  Company 's  signalling  system.  The  inveatigation  at  Salinas  con- 
tinued from  January,  1913,  until  July,  1913. 

The  work  undertaken  at  Salinas  was  for  the  purpose  of  determining 
(1)  the  magnitude  and  characteristics  of  the  induction  produced  in  the 
cotQmnnication  circuits,  the  factors  in  the  power  circuit  causing  this 
induction  and  the  quantitative  relationships  involved ;  and  (2)  the  effect 
of  the  condition  of  the  neutral  (grounded  or  nongroUnded)  of  the 
autotransformera  at  Salinas,  on  the  induction  in  the  communication 
circuits. 

Tests  were  made  of  tbe  induction  in  the  communication  circuits,  bot^ 
north  and  south  of  Salinas,  under  operating  conditions  of  the  power 
circuits  and  with  the  neutral  at  Salinas  alternatively  grounded  and 
nongrounded.  Tests  were  also  made  with  special  methods  of  energizing 
the  power  circuit,  in  order  to  determine  the  relative  importance  of 
various  factors  in  causing  the  induction.  This  determination  was  also 
made  by  theoretical  methods,  by  computation  of  inductiwi  based  upon 
the  dimensions  of  the  parallel  involved,  and  the  results  compared  with 
,  those  of  the  tests.  Instrument  transformer  equipment  was  investi- 
gated in  order  to  determine  the  errors  thereby  introduced  in  measure- 
ments of  the  power-eircuit  voltages  and  currents. 

In  July,  1918,  the  field  headc[uarteP8  were  moved  to  Santa  CmK. 
At  this  point  the  Committee  desired  to  test  the  relative  merits  of  various 
schemes  of  transpositions*  for  both  power  and  telephone  circuits,  and  to 
complete  the  investigation  b^un  at  Morgan  Hill  on  the  system  of  the 
Coast  Counties  Gas  and  Electric  Company,  which  system  is  of  a  dif- 
ferent character  from  that  studied  at  Salinas.  A  mathematical  study 
of  transpositions  in  general,  and  particularly  of  those  for  the  parallel 
between  Santa  Cruz  and  "WatsonviUe  was  completed. 

During  the  time  the  field  headquarters  of  the  Committee  were  at 
Santa  Cruz,  the  report  of  the  Committee  to  the  Railroad  C(Hnmission, 

'For  dellnltlon  of  "tranBposltlon,"  see  page  44. 
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dated  July  7,  1914,  was  presented.  ThJE  report  contained  an  account 
of  the  {ormation  of  the  Committee,  its  activities  and  the  reaulta  accom- 
pliahed  up  to  that  date,  and  also  included  sach  recoounendations  for 
TulingB  b;  the  RaiLroad  Commiasion,  as  seemed  justified  to  the 
Committee  at  that  time.  In  addition,  there  was  given  a  program  of 
toture  work  designed  to  put  the  Committee  in  poesession  of  informa- 
tioii  which  would  permit  making  the  recommeoded  rulings  more  definite 
and  complete. 

In  a  letter  of  acknowledgment  to  the  Committee  the  Railroad  Com- 
mifision  approved  U)e  pn^ram  of  future  work  which  was  laid  down 
in  the  report  and  authorized  the  continuanee  of  the  Committee's 
investigations.  This  program  comprised  experimental  itudies  both  of 
transpositions  and  of  residual*  voltages  and  currents  of  power  circoits. 
The  study  of  transpositions  included:  (1)  the  determination  of  the 
practical  effectiveness,  in  reducing  induction,  of  ^sterns  of  power  and 
communication  circuit  transpositions  properly  co-ordinated  with  each 
other,  with  coneideration  of  different  lengths  of  balanced  sections;  (2) 
the  influence  of  imperfect  eleetrical  balance  of  conuunnication  circuits 
in  impairing  the  effectiveness  of  transposition  systems,  and  (3)  practical 
effectivenesB  of  transpositions  in  a  power  circuit  isolated  from  ground  in 
balancing  the  voltages  between  the  several  conductors  and  ground,  with 
consideration  o£  the  relative  efficiency  of  barrels**  of  different  lengths. 

The  study  of  residual  voltages  and  currents  included  an  experimental 
investigation  of  different  types  of  power  system  connections  and 
apparatus  n;ith  respect  to  the  production  of  residual  voltages  and  cur- 
rents, of  means  to  be  employed  to  limit  their  magnitudes  and  the 
determination  of  the  minimum  values  which  will  produce  harmful 
inductive  interferenc& 

The  work  outlined  in  this  program  was  continued  at  Santa  Cruz  until 
November  24,  1914.  The  experimental  study  of  the  effectiveness  of 
transpositions  in  power  and  communication  circuits  undertaken  at  this 
point  could  not  be  carried  out,  due  to  lack  of  suitable  equipment  An 
investigation  of  the  effect  of  various,  transformer  conueotious  and  of 
the  magnetic  density  employed  in  transformer  iron  on  the  residual 
voltages  and  currents  introduced  in  grounded-neutx^  networks  by  such 
transformer  was  begun.  In  addition,  from  Santa  Cruz  as  head- 
quarters, measurements  were  made  with  portable  apparatus  at  various 
points  on  the  systems  of  the  Coast  Comities  Gas  and  Electric  Company, 
the  Sierra  and  San  Francisco  Power  Company,  and  the  Pacific  Gas  and 
Electric  Company  in  order  to  study  their  characteristics  with  respect 
to  residual  voltages  and  currents. 

On  November  24,  1914,  the  field  headquarters  and  laboratory  of  the 
C<mmaittee  were  moved  to  San  Fernando.  This  location  offered  a 
number  of  advantages  for  experimental  work,  the  chief  one  being  the 
presence  of  an  unused  thirty^even  mile  15,000-volt  line  of  the  Pacific 
i'ight  and  Power  Corporation  which  was  available  for  testing  at  all 
times.  A  telephone  circuit  carried  on  the  same  poles  with  the  15,000- 
Tolt  circuit  was  also  available,  constituting  a  parallel  for  experimental 
purposes.  In  addition,  transformers  were  loaned  by  the  Pacific  Light 
and  Power  Corporation  which,  with  other  transformers  already  pro- 
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Tided  by  the  Sierra  arid  San  Pranciseo  Power- Company,  gate  oppor- 
tunity for  carrying  out  transformer  studies. 

The  principal  experimental  work  undertafcWi  at  Sari  FemftOdo 
comprised  studies  of  the  factors  affecting  the  Teeidual  voltages  and 
onrrents  of  power  eircuita,  the  effeetiTeneas  of  'transposilSbns  -in 
balancing  power  circuits  and  in  neutralizing  inductive  effects,  and  the 
magnitude  of  inductive  effects  in  short,  nniform;  nontrdnsposed  aections 
of  parallel.  Concerning  the  residual  voltages  and  currents  of  power 
eirinaits  isolated  from  ground,  the  investigations  included  rtie  effects  of 
transpositions,  leakage,  accidental  grounds  and  frequency  of  alter- 
cations. Concerning  the  residuals  of  grounded- neutral  circuits  thfe 
investigation  itielnded  the  effects  of  magnetic  density  of  the  trans- 
formers and  of  various  connections  of  the  transformer  banlta.  Id 
preparing  for  the  latter  study  a  difBcnlty  was  encountered,  due  to  large 
double -frequency  residual  voltages  and  currents,  apparently  peculiar 
phenomena  previously  unrecorded  and  probably  of  I'are  occurrence  in 
practice.  These  were  investigated  to  a  very  limited  extent,  foi^  the 
purpose  of  devising  means  to  overftome  them  so  that  the  programmed 
tests  might  be  carried  out. 

The  availability  of  both  an  idle  power  circuit  and  an  idle  telephone 
circuit,  the  coUditions  of  which  conid  be  varied  for  experimental  pur- 
poses, gave  an  excellent  opportunity  for  studying  induction  and  the 
effect  thereon  of  both  power  and  telephone  circuit  transpositions  and 
of  telephone  circuit  unbalances.  An  extensive  series  of  testa  was  made 
to  determine  the  ratios  of  induced  voltage  in  the  telephone  circuit  to 
inducing  voltage  or  current  in  the  power  circuit  under  different  con- 
ditions of  Operation  of  the  power  circuit,  for  a  short,  uniform,  non- 
transposed  section  of  parallel.  These  ratios,  termed  coefficients  of 
induction,'  were  also  obtained  independently  by  calculations  based  -upon 
physical  dimensions  of  the  line.  The  results  of  the  two  independent 
determinations  were  c6mpared  to  ascertain  the  practicability  of  obtain- 
ing coefBcients  of  induction  for  other  cases  by  computations  thereby 
eliminating  the  necessity  for  tests.  Advantage  was  taken  of  the 
opportunity  at  San  Fernando  to  measure  the  residual  voltages  and 
currents  of'  the  Pacific  Light  and  Power  Corporatibii 's  15,600-volt 
system  to  supplement  the  mmilar  raeasuTemcnts  previously  nlade  oh 
other  systems. 

On  June  17,  1'915,  the  headquarters  of  the  field  staff  were  moved  to 
Sjui  Francisco,  miiere  the  work  of  analyzing  the  San  Fernando  data 
was  completed.  At  San  Fernando  the  Committee's  energies  were 
largely  centered  on  completing  the  experimental  tvork,  tefote  the  power 
litie  was  required  for  service. 

It  was  endeavored  to  make  the  analyses  and  reports  as  thorough  and 
complete  as  possible.  For  each  of  the  subjects  experimentally  investi- 
gated at  San  Fernando,  theoretical  studies  were  undertaken  at  San 
Francisco,  which  in  soirie  eases  were  much  extended  in  scope  over  that  of 
the  corresponding  experimental  work.  Where  possible,  the  experi- 
mental and  theoretical  resnKs  were  compared.  The  effects  of  circuit 
conligu'ration,  or  arrangement  and  relati\-e  location  of  conductors, 
transpositions  and  frequency  on  the  residual  voltages  and  currents  due 
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to  the  line  UDbelance  oJt  po^er  circuits  iwUted  from  ground,  and  tbe 
effects  of  aocidental  groiwds,  wers  investigate  from  a  tfaeoretietU 
stftBcipoivt.  A  study  was  made  of  tbe  relatiou  of  magoetic  d^sit^  ot 
the  transformer  iroo  and  of  trajisfonner  coacectiona  to  the  residual 
voltages  and  currents  of  triple  frequeucies  thereby  introduced  into 
connected  ciicuite.  A  report  was  prepared  giving  formulas  for  the 
computation  of  coeflicients  of  ipdijction  in  cooimaiiicatjoti  circaits 
parallQled  by  power  cirouita,  including  an  explanation  of  the  derivation 
of  the  formulas  aud  convenient  forma  which  had  been  develoited  for 
systematically  carrying  out  such  commitationB. 

To  determine  the  effect  pf  configuration  and  relative  pi^ition  of 
power  and  communication  circuits. on.  the  induetiMi  in  the  latter,  an 
fxtenaive  series  of  coniputatioos.  baaed  upon. the  dimensiooa  of  aammed 
cases  of  parallelism,  waa  carried  out.  The  results  o£  this  study  comprise 
214  curve  sheets,  containing  over  3,000  curves,  by  the  aid  of  which  the 
vsluee  of  the  coefficients  of  induction .  for  those  eases  of  parallelism 
which  occur  most  commonly  may  be  determined. 

Among  the  important  reports  prepared  at  Sui  Francisco  is  one 
reviewing  previous  work  and  presenting  new  data  on  the  subject  of 
co-ordinating  power-cirQiiit  and  telephone-circuit  transpositions  as  « 
means  of  reducing  interference.  A  new  tele|riione  transposition  ay^ 
tem  developed  by  the  American  Telephone  and  Telegraph  Company, 
largely  in  response  to  the  need  for  a  system  of  telephone  transpositions 
having  increased  Sexibility  in  respect  to  co-ordination  with  power- 
circuit  transpositions,  is  described  and  its  use  illuatrated,  As  examples 
of  eo-ordinated  transposition .  aystems,  plans  are  presented  for  all  the 
parallels  which  have  been  experimentally  investigated  by  the 
Committee. 

Apparatus  suitable  for  use  in  the  experimental  work  of  the  Com- 
mittee was  not  easily  obtainable  and  in  many  instances  it  was  necessary 
to  design  and  develop  special  apparatus  for  certain  of  the  tests.  In 
cases  where  apparatus  was  not  available  for  measuring  desired 
guantities  directly,  it  was  necessary  to  develop  methods  of  measurement 
whereby  they  might  be  obtained  indirectly. 

In  deciding  from  time  to  time  upon  its  program  for  future  work,  the 
Committee  has  found  it  necessary  to  formulate  and  oonsider  in  detail 
many  plans  of  experimentation  which  have  never  been  carried  out.  It 
has  not  always  been  easy  to  decide  upon  the  best  location  for  carrying 
on  a  particular  investigation  when  each  of  the  several  different  possible 
locations  possessed  certain  advantages.  To  decide  between  them  or  to 
choose  between  different  programs  of  work  has  meant  that  the  several 
plans  under  consideration  had  to  be  worked  np  in  considerable  detail 
before  the  preponderance  of  advantage  in  favor  of  some  one  procedure 
could  be  established.  In  several  cases  plans  for  woric  regarded  as 
particularly  desirable  had  to  be  given  np  because  they  were  found  to 
be  too  laborious,  or  for  other  reasons  were  not  feasible. 

In  the  course  of  the  investigation  seventy-one  Technical  Reports  have 
been  prepared,  which  describe  in  detail  the  various  features  of  the  work, 
the  method  and  apparatus  employed  and  the  results  accomplished. 
These  reports,  some  of  which  are  recommended  for  publication,  are 
listed  in  Appendix  II,  pagf  74. 
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At  the  reqnest  of  the  Coimnittee,  laboratory  investi^tions  were  made 
in  New  York  by  the  American  Telephone  and  Telegraph  Company,  the 
PoBtal  Telegraph- Cable  Company  and  the  Western  Union  Telegraph 
Company  to  determine  the  detrimental  effects  of  extraneously  induced 
currents  on  the  operation  of  telephone  and  telegraph  circuits.  Reports 
of  the  reswlts  of  these  investigations  were  mibmitted  to  the  Committee. 
These  are  also  listed  in  Appendix  II,  page  74. 

At  various  times  during  the  coarse  of  its  work,  the  Committee  has 
eotitribnted  disctisstons  before  the  American  Institute  of  Electrical 
Engineers.  The  Committee's  report  of  July  7,  1914,  was  presented  at 
the  Spokane  Convention  of  the  Institute  in  September,  1914,  and  later 
at  meeting);  of  the  San  Francisco  and  of  the  Los  Angeles  sections  of  the 
Institute.  On  each  of  these  occasions  considerable  discussion  was 
brought  forth.  In  June,  1915,  at  the  Deer  Park  Convention  in  connec- 
tion with  papers  presented  on  the  subject  of  irregular  power-circuit 
wave-forms,  the  Committee  submitted  a  discussion  from  the  standpoint 
of  inductive  interference.  In  September,  1915,  at  the  Panama-Pacific 
Conventivin  the  Committee  submitted  a  discussion  in  which  the  pM^esa 
of  the  work  from  July,  1914,  to  September,  1915,  was  described.  In 
September,  1916,  at  the  convention  of  the  Institute  held  in  Seattle, 
the  Committee  submitted  a  discussion  of  a  paper  presented  on  the 
subject  of  irr^ular  wave-forms. 

Finanoas. 

The  funds  required  for  carrying  on  the  work  of  the  Committee  were 
contributed  by  various  telephone,  power  and  telegraph  eompanies. 
Such  contributions  were  made  at  tbe  start  of  the  investigation  and 
immediately  after  the  report  rendered  to  the  Commission  on  July  T, 
19'14.  Furthersnpport  was  given  in  the  furnishing,  by  the  railroad 
companies,  of  free  trahsportation  to  the  Committee  members  and 
employees  while  on  Committee  business,  and  of  the  Committee's  eqnijy- 
ment;  by  the  telephone  companies  of  the  services  of  their  engineers  oil 
the  work  of  the  tield  staff;  and  by  the  Railroad  Commission  of  the 
stenographer  and  stationery  BUpplies.  The  time  wbieh  the  Committee 
members  devoletl  to  the  work  was  without  cost  to  the  Committee. 

It  is  estimated  fhat  the  total' cost  Of  the  investigation  is  more  than 
.  1(100, 000. 
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PART  TWO. 

EXPLANATION  OF  PROBLEM  AND  SUMMARY  OP  RESULTS. 
Natur*  of  >ubj*ct. 

The  object  sought  hefein  is  to  describe  what  inductive  interference  is, 
using  as  t&r  as  practicable  noatecfanical  terms,  for.  the  beaetit  of  those 
not  familiar  with  electrical  theory. 

The  traasmission  of  power  electrically  by  wire  circuits  in  either 
large  or  small  quantities  requires  a  current  oi  electricity'.  Also,  to 
make  electricity  flow,  there  must  be  in  the  circuit  &'vottag»  or,  in  other 
words,  electric  pressure,  as  all  circuits  offer  more  or  less  resistance  or 
impedance  to  an  electric  current.  If  the  voltage  is  produced  directly 
by  a  battery  it  forces  the  electric  eurrelit  around  the  circuit  in  one' 
direction  only.  Such  current  is  called  direct  or  continwoim.  Con- 
tinuous Voltage  and  current  may  also  be  produced  by  an  electric 
generator^  and  this  is  the  common  practice  for  street  railways, 
but  on  most  other  power  lines  the  generators  produce  an  altemalinn 
voltage,— that  is  a  voltage  which  during  each  short  interval  of  time 
known  as  a  piriod  (usually  not  longer  than  one  tweiih--fiftb  of  a 
second)  varies  in  value  from  zero  up  to  a  maximum,  then  diminishes  to 
zero,  increases  to  a  maximum  in  the  opposite  direction,  and  then 
diminishes  again'  to  zero,  repeating  this  cycle  of  variations  through  suc- 
eeediug  eqhal  periods:  ThuS,  the  voltage  and  the  corresponding  cur- 
rent ch^ge- Id  direction'  or  alternate  twice  each  period.  The  number 
of  p^iodsor  cycles  per  ^cond  is  called  the  frequency. 

The  voltage  associated  with  any  electric  circuit  ifr  acecimpbtiied  by  an 
electric  field  of  force,  or  condition  of  stress,  in  the  surrounding  space, 
whose  intensity  is  pi'oportioaal  to  the  voltage.  Aflie  ettme  time  the 
eori^sponding' electric  eOrreWt  is  acCoftipanied  by  a  magnetic  field  of 
foVce  wht<fh  olccupies  th^  same  surrounding  space-  and  whose  intensity 
is  proportional  to  the  current.  Thus  any' changes  in  the  magnitude  or 
direction  of  the  voltage  and  current,  such  a6  the  altemAtibns  described 
above,  are  accompanied  by  corrcspondiii'g  changes  in' their  flelds.  The 
intensity  of  these  fields  of-  fowe,  in  general,  diminishes  very  rapidly 
with  increasiog  distance  ttom  the  circuit. 

■Conversely,  any  other  circuit  within  these  fields  of  force  will  have 
Voltages  and  currents  set  up  or  "induced"  in  it,  when  changes  occur 
in  the  fields,  that  is,  when  the  voltage  or  current  of  the  -first  circuit 
changes.  Poweir  circuits  of  -  the  altemating-ettrrent  type,  most  com- 
monly employed  in  power  transmission,  having  their  voltages'  and 
enrrents  continually  varying,  will  continuallyindnce'voltages  and  eur- 
rents  in  a  neighbbrTng  communication  circuit.  These  induced  voltages 
and  currents  are'  evidence'of  the'  absorption  of  energy  from  the-^Mda. 
'Thus  on«  circuit  influences  Sobther  by  the  tranrfer  of  energy  fromthe 
dne  to  the  other,  witbotrt  any  e4intaot'between  4^6  wirwof  the  two  nir- 
cuita.  This  phenomenoft,  termed  "induction,"  has  long  been  known, 
and  has  many  useful  applieations  in  electrical  eagineering. 

To  transmit  signals  over  a  communication*  circnit'it  is  necessary  that 
the  power  used,  and  thus  the  voltage  and  current,  vary  from  instant  to 
instant.     In  telephone  circuits  this  variation  is  extremely  complex,  the 
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current  which  reproduces  the  hnmaii  voice  in  a  distant  telephone  con- 
sisting of  a  miiober  of  component  simple  durrents  varying  in  frequency 
frojQft^k^t  lOOio.t^^QO.eycJes  p^  Be<}opd^,  .For-telegyyiphjcirTuiti  the 
variation  is  much  less  complex  and  the  frequencies  of  the  iniportant 
components  of  the  voltage  and  current  are  less  than-'-dOO  «yek«s  'per 
deoond.  Id  both  caaea  the  signatlifig  impulsed  are  sent  and  received'  by 
delicate  msohaniHins,  and  the  i^aounts  of '  powpr  requir^  are  exceed- 
ingly small,  particularly  for  telephone  circuits  When  ceminuai cation 
cireuita  are  in  the  field  of  inflnenee  of  a  poweo  circuit  the>  rate  at  which 
energy  is  transferred  to  them  by  induction  may  be  comparable  with, 
or  evCTi  larger  than,  the  power  required  for  their  operation,  although 
entirely-  inappreciable  eompared  to  that  of  the  power  circiiit.  For 
example,  the  power  required  to  operate  a  small  incandescent  lamp  ia 
auffioicnt,  if  directly  Sj^plied,  to  cause  a  loud  noise  in  several  million 
telephone  receivers. 

For  power  circuits  of  the  type  most  commonly  uaed  in.  California, 
the  frequency  is  either  50  or  €0  cycles  per  second.  This  is  the  funda- 
mental frequeocyof  the  voltsee  and  current,  representing  useful,  power, 
but  there  are  also  present  to  pow«r  circuits  other  voltages-  and  currents, 
usually  of  relatively  small  magnitude,  of  various  higher  frequencies  up 
to  several  hundred  aydes  per  second.  These  higher  freqaencies  or 
Jiartnomcs  of  the  fundamental  frequency,  are  the  chief  eausu  of  inter- 
ference to  teleptuMOe  circuits,  sinoe  they  are  of  the  frequencies  of  tlie 
flound-wavea  of  the  human  voice,  at  which  tlw  telephone  is.  most 
flensitive.  On  the  other  hand,  the  chief  interfereooe  with  telegraph 
circuits  is  caused  by  the  fundamental  or  useful  freqixency  of  the  power 
circuits,  which  moat  nearly  corresponds  to  the  frequency  of  the  tele- 
graphic inipulaes.  ... 

The  disturbaofies  thus  cansed  in  telephone  circuits  manifest  them- 
j^elves  as  humming  noises  which  impair  the  intelligibility  of  conversa- 
tion and  cause  annoyance.  In  telegraph  circuits,  chattering  of  the 
relays  is  caused,  the  intelligibility  of  signals  is  impaired,  juid  the  speed 
and  ease  of  transmission  are  reduced. 

Under  abnormal  conditions  the  inductive  disturbance  due  to  a  power 
circuit  may  be  very  greatly  increased.  When  sadden  changes  take 
place  in  the  conditions  of  the  power  circuit  such  as  those  oaused  by 
«Qergizing  or  de-energizing  the  circuit,  or  when  a  wire  breaks  and  f  alia  to 
ground,  relatively  large  amounts  of  energy  may  be  suddenly  introduced 
into  the  communicatiOD  cirouita..  These  momentary  impulses  may  be 
aufficient  to  constitute  a  physieal  hazard,  to  operate  protective  devicea  or 
to  cause  severe  acoustic  shocks  to  telephone  operators  or  users. 

Briefly,  then,  inductive  interference  may  be  defined  as  the  impair- 
ment of  the  serviceability  of  commiuiiGatioQ  cijxtuits  resulting  from  the 
transference  of  energy  into  them,,  thtpogh  intervening  spacoi  from 
nsar-by  power  circuits.-  The  atndy  of  induetive-interferenas  .deeis 
with  the  factors  affecting  the  magnitude  and  cluLracter  of  the  induction 
.and  their  relationships,  the  attendant  detrimental  effects^  on,  qommqni- 
«ation  circuits  and  the  :  means  to  be.  employed  in  ovareoming  or 
•nitigfltiDg  aoch.  interfereneo.  '  ..,:... 
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Summary  of  facta  •atablithsd. 

It  seems  desirable  to  aammarize  briefly  the  principal  teehnieal  facts 
r^ardiog  inductive  interferenee,  wMch  may  dow  be  eonaidered  ae 
established.  Only  the  most  importast  points  are  mentioned  here,  a 
detailed  technical  discossion  being  given  in  the  Technical  Beports.* 

1.  Primary  Cause. 
As  previously  shown  in  discussing  the  "Nature  ol  Subject,"  the 
primary  cause  of  inductive  interferenee  ig  the  presence,  about  the 
power  circuits,  of  fields  of  influence  Which  vary  in  intensity  from 
instant  to  instant,  usually  in  periodic  or  cyclic  fashion.  Communica- 
tion circuits  in  regions  where  these  fields  are  of  sppreciable  strength 
absorb  energy  therefrom,  by  "induction,"  'When  the  rate  at  which 
the  energy  is  thus  absorbed  is  of  the  same  order  of  magnitude  as  the 
power  required  for  the  transmission  of  signals,  the  impulses  received 
at  the  terminals  of  the  communication  circuit  are  distorted  and  the 
serviceability  of  the  circuit  is  impaired. 

2.  Interference  to  Telephone  Circuits — Barmonics. 
Under  normal  operating  conditions  of  the  disturbing  power  circuits,, 
interference  to  telephone  circuits,  manifested  by  a  hamming  noise  from 
the  telephone  receivers,  is  due  almost  entirely  to  the  higher  hai-monica 
of  the  power-circnit  voltages  and  currents;  for  the  reason  that  such 
harmonics  cover  a  considerable  portion  of  the  range  of  frequencies  of 
human  speech,  at  which  telephone  apparatus  is  most  sensitive. 
Except  when  the  interference  is  very  slight  or  very  severe,  the  detri- 
mental effect  of  extraneous  current  in  a  telephone  receiver  increases 
approximately  in  direct  proportion  to  the  magnitude  of  the  current. 
Increasing  the  frequency  causes  a  very  rapid  increase  in  the  detri- 
mental effect  (roughly  as  the  square  of  the  frequency)  up  to  about  800 
periods  per  second,  beyond  which  there  is  a  gradual  decrease.  When 
several  frequencies  are  present  in  the  extraneous  current,  the  resultaiit 
detrimental  effect  is  considered  roughly  proportional  to  the  square  root 
of  the  sum  of  the  squares  of  the  separate  effects  of  the  several  single- 
frequency  components,  though  this  relation  has  not  been  definitely 
established. 

The  higher  harmonics,  which  are  irregularities  of  the  voltage  and 
cnrrent  waves  of  power  circuits,  usually  result  from: 

(a)  design  and  construction  of  generators  and  motors,  whereby 
pure  sine  wave  shapes  are  only  approximated; 

(6)  the  use  of  iron  in  transformers  ijnder  conditions  approach- 
ing magnetic  saturation,  thereby  causing  distortion  of  the  current 
and  voltage  waves; 

(c)  the-presence  of  electric  arcs  in  the  circuit,  as  in  some  street- 
lighting  systema. 

The  higher  harmoni^  which  commonly  occur  in  alternating-current 
^stems  are  odd  integral  multiples  of  the  fundamental  frequency. 
They  are  of  sufficient  magnitude  to  be  of  importance,  often  as  high  as 
nineteen  times  the  fundamental  frequency,  and  have  been  observed  as 

*IJMed  In  Appeodlz  U,  page  T*. 


ipFOdOvGOOt^IC 


34  INDDCnVE  INTEBPEBGiNCB. 

high  as  the  35th  order.  High  frequency  volt&ges  aod  eurreDts  also  occur 
in  direGt-cuirent  syBtems.  Harmonics  (other  than  the  fondamental 
or  first  hajmonic)  are  not  essential  to  the  functioning  of  power  systems 
and  may  be  sources  of  trouble  therein. 

Indnetion  of  the  fnndamental  frequency  of  power  circuits  (below  100 
cycles  per  second)  is  the  cause  of  very  little  interference  to  telephone 
circuits,  except  when  its  magnitude  is  sufficient  to  constitute  a  physical 
hazard,  or  to  operate  grounded  si^ialling  deTioes,  as  both  the  human 
ear  and  telephone  apparatus  are  much  less  sensitive  to  these  relatively 
low  frequencies. 

3.  Interference  to  Telegraph  Circuits. 

Under  normal  operating  conditions  of  the  disturbing  power  circuits, 
interference  to  telegraph  circuits,  manifested  by  the  reduction  in  elear- 
uess  and  maximum  speed  of  signalling,  is  due  to  induced  currents  of 
fundamental  frequency  and,  to  a  limited  extent,  frequencies  of  the 
lower  harmonies  (chiefly  the  third). 

Telegraph  receiving  instruments  are  readily  responsive  to  these 
frequencies,  because  they  approach  the  normal  operatii^  frequencies 
of  telegraph  transmission.  Telegraph  instruments  are  not  sensitive  to 
the  higher  harmonics.  Other  signal  circuits  (telephone  circuits 
excluded),  in  general,  resemble  telegraph  circuits  in  being  most  affected 
by  induced  currents  of  fundamental  frequency, 

i.  Balanced  and  Besidual  Components. 

In  analyzing  inductive  effects,  it  is  convenient  to  divide  the  power- 
circuit  voltages  and  currents  into  two  general  classes:  (1)  "balanced," 
with  respect  to  the  earth  as  a  neutral  conductor  or  point  of  reference, 
and,  (2)  "residual,"  completely  unbalanced  with  respect  to  the  earth, 
i.e.,  employing  the  metallic  power-circuit  conductors,  as  a  group,  for  one 
"side"  and  the  earth  as  the  other  side  of  their  circuit. 

"Balanced"  current  components  in  the  several  conductors  of  a  power 
circuit  are  such  that  at  every  instant  their  algebraic  sum  is  zero.  The 
tdgebraic  sum  of  the  total  currenta  in  the  several  conductors  of  a  power 
circuit  at  any  instant  is  the  "residual"  current.  Similarly,  the 
"balanced"  voltages  of  tie  several  conductors  are  such  that  their  alge- 
braic sum  is  zero  at  every  instant,  while  the  algebraic  sum  of  the 
total  voltages  to  ground  at  any  instant  is  the  "residual"  voltage. 

As  an  example,  a  trolley  circuit,  consisting  of  an  overhead  trolley 
wire  and  "return"  through  rails  and  earth,  is  completely  unbalanced 
with  respect  to  the  earth,  its  total  voltage  and  current  being  residual. 
On  the  other  hand,  a  two-wire  circuit  having  no  metallic  connection  to 
earth  and  its  two  sides  symmetrical  with  respect  to  the  earth's  surface 
and  not  in  close  proximity  to  other  circuits  or  objects,  *ould  have  no 
residuals,  the  voltages  to  earth  of  the  sides  of  the  circuit  being  equal  and 
opposite  and  the  currents  wholly  confined  to  the  metallic  conductors  and 
therefore  equal  and  opposite,  t.e.,  in  both  cases  balanced. 

This  classification  of  the  voltages  and  currents  is  of  basic  importance, 
since  there  is  no  generally  applicable  relation  between  balanced  and 
residual  components  or  their  inductive  effecls,  and  furthermore  since 
the  remedies  for  induction  from  balanced  and  residual  voltages  or  cur- 
rents are  often  fundamentally  different. 
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The  circuits  commonly  employed  in  power  tranamigsion  and 
distribution  ordinarily  have  both  classes  of  voltages  and  currents  in 
Hofficieut  ma^Ditude  to  require  attention.  With  exeeptiona,  such  as 
trolley  circuits  above  mentioned,  the  balanced  components  of  funda- 
mental frequency  are  the  useful  energy^transferring  agents,  while  the 
residuals  are  the  result  of  incidental  differences  between  ideal  design 
and  construction  of  line  and  apparatus,  giving  perfect  balance,  and 
design  and  construction  which  approach  this  condition  sufficiently 
for  commercial  operation,  disregarding  Inductive  effects. 

Both  balanced  and  residual  voltagea  and  currents  contain  harmonics, 
but  the  general  tendency  is  that  the  residuals  contain  greater  percent* 
ages  -of  harmonics  than  do  the  balanced  components.  Besides,  under 
some  conditions  (discussed  in  5  below),  a  series  of  harmonics,  odd 
multiples  of  three  times  the  fundajnental  frequency,  appear  as  residuals, 
but  not  in  the  balanced  components. 

Inductive  effects  from  residuals  are  usually  of  greater  intensity  than 
those  from  balanced  voltages  or  currents  of  equal  magnitude.  The 
ratio  of  effects  from  these  two  sources  is  esceedingly  variable,  ranging 
from  about  two  to  several  thousand.  The  relatively  greater  induction- 
producing  power  of  residuals  is  due  to  the  fact  that  the  residual  com- 
ponents associated  with  the  several  conductors  are  all  "in  phase"  and 
their  inductive  effects  therefore  cumulative,  whereas  the  several 
balanced  components  are  "out  of  phase"  (by  120  degrees  in  a  three- 
phase  system)  and  hence  their  resultant  induction  is  a  differential 
effect,  i.e.,  the  inductive  effects  due  to  the  balanced  components  partially 
neutralize  one  another. 

5.  Causes  and  Remedies  for  Besiduols. 
Unbalances  or  inequalities  amoAg  the  admittances  to  ground  of  the 
several  conductors  of  a  power  circuit  cause  residuals  of  the  frequencies 
[iresent  in  the  voltages  between  conductors.*  In  a  system  without 
metallic  connection  to  earth  a  residual  voltage  is  produced.  With  a 
grDonded-neutral  system  a  residual  current  is  produced  and  the  residual 
vohftge  due  to  unbalanced  line  admittances  is  greatly  reduced.  Unbal- 
anced admittances  are  caused  by:  (1)  differences  of  position  of  the 
conductors  with  respect  to  ground  and  to  one  another,  being  a  function 
of  the  configuration,  height  above  ground,  location  of  ground-wires  and 
other  neighboring  objects,  and  to  a  small  extent,  of  me  of  conductors ; 
aqd  (2)  differences  in  insulation  resistance,  as  may  be  due  to  defective 
insnlators.  Transposing  the  conductors,  which  tends  to  equalize  their 
relaticma  to  ground  and  to  one  another,  is  an  effectrre  remedy  for 
imbalaneed  capacitance.  Such  transpositims  must  be  located  with 
pn^r  regard  to  changes  in '  configoration,  and  at  short  enough 
distances  from  each  other  so  that  there  is  no  material  difference  in  the 
electrical  conditions  at  two  such  points  at  any  given  instant.  Of 
commonly  occurring  configurations  the  equilateral  triangular  is  most 
nearly  balanced,  hence  caus^  the  least  residuals  due  to  unbalanced 
capacitances,  while  the  plane  eonfigorationB,  especially  the  nnsym- 
metrical  horizontal,  are  the  worst  in  this  respect.    The  remedy  for 
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unbalanced  insulation  resistance  lies  in  careful  maintenance;  for  a  well 
constructed  and  maintained  system  this  is  usually  not  an  important 
source  of  residuals. 

In  a  power  system  having  loads  connected  between  the  several  con- 
ductors and  ground  {as  in  a  star-eonneeted  system  with  grounded 
neutrals),  differences  among  the  loads  of  the  several  phases  may  cause 
residual  voltages  and  currents,  due  to  part  of  the  load  being  supplied 
through  a  circuit  consisting  of  conductors  with  ground  "return." 
Inequalities  of  ratios  or  impedances  among  the  transformers  of  a  bank 
also  cause  residuals  in  such  a  circuit.  The  evident  remedy  is  careful 
equalization  of  loads,  and  the  use  of  like  transformers.  Removal  of 
the  ground  path  for  unbalanced  load  currents,  allowing  only  one 
neutral  ground,  is  the  most  effective  and  reliable  remedy  for  this  s(Jurce 
at  residual  current. 

When  a  transformer  bank  in  a  three-phase  system  is  connected  in 
fltar  with  neutral  grounded,  harmonics  of  three  times  the  fundamental 
frequency,  and  odd  multiples  thereof,  appear  as  residuals,  on  the 
grounded-neutral  side.  This  is  because  of  the  variation  of  the  per- 
meability of  the  transformer  iron  with  varying  magnetic  density, 
causing  barmonics  in  transformer  exciting  currents  or  in  their  induced 
voltages.  As  the  triple-harmonic  components  are  "in  phase"  in  the 
three  transformers,  triple-harmonic  residual  voltages  and  currents  are 
produced  if  the  neutral  is  grounded.  Delta-connected  windings  on  such 
a  transformer  hank  provide  a  shunt  path  for  these  triple-harmonic  com- 
ponents of  the  exciting  current,  and  greatly  lessen  the  residuals  which 
might  otherwise  be  caused  on  the  grounded  neutral  side.  Since  the 
magnitude  of  these  residuals  decreases  very  rapidly  as  the  maximum 
magnetic  density  is  reduced,  lowering  the  voltage  impressed  per  turn 
of  the  transformer  winding,  or  substituting  transformers  of  lower  mag- 
netic density,  is  a  very  effective  renledy.  Isolating  the  neutral  of  a 
transformer  bank  eliminates  it  as  a  source  of  triple- harmonic  residuals. 

Generators  with  star-connected  armature  windings  may  cause* 
residuals  due  to:  (1)  inequalities  among  the  voltages  induced  in  the 
several  windings;  (2)  departure  from  ideal  phase  differences,  120 
degrees  for  a  three-phase  generator;  (3)  triple-harmonic  voltages  of  the 
three  windings  being  in  phase,  between  neutral  and  line  terminals. 
When  a  generator  is  connected  to  the  line  either  directly  or  through 
auto-transformers,  residuals  are  thus  caused  only  if  the  generator 
neutral  is  grounded.  When  connected  to  the  line  through  transformers 
residuals  will  result  from  these  causes  if  the  transformer  bank  is  star- 
star  connected  with  line-side  neutral  grounded  and  station-side  neutral 
connected  to  generator  neutral.  The  remedies  are:  (1)  careful  design 
and  construction,  (2)  avoidance  of  grounded  neutral  or  transformer 
connections  permitting  transformation  of  generator  residuals  to  line 
(as  by  the  use  of  a  delta  connection  on  the  generator  side  of  the 
transformers) . 

The  grounding  of  transformers,  transformer  banks  or  generators  at 
nnsymmetrical  points  of  their  windings  unbalances  the  electrically  con- 
nected circuit  and  thereby  causes  a  residual  voltage  and  current.  The 
remedy  is  obvious. 
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6.  Factors  Affecting  Intermty  and  Magnitude  of  Induction. 

{a)  Dimensional  Factort.  In  general,  as  the  horizontal  separation  of 
power  and  conummieation  liAes  is  inoreaaed,  the  induetion  deereaaes  at 
a  rate  varying,  ronghjy,  from  direct  proportionality  to  abont  the  third 
power  of  the  separation.  That  is,  doubling  the  separation  redncea  the 
induction  from  onity  to  some  value  between  one-eighth  or  less  and 
one-half.  The  rate  of  decrease  is  less  for  magnetic  induction  than  for 
electric  induction  and  less  for  induction  in  grounded  circuits  than  for 
induction  in  metallic  circuits.  When  the  disturbed  and  disturbing  cir- 
cuits are  very  close  together,  the  rate  of  decrease  may  be  less  than 
stated  above  and  in  some  instances,  notably  with  the  vertical- 
configuration  power  circuit,  there  may  be  an  increase  of  induction  at 
first,  as  the  separation  increases. 

Other  things  being  equal,  the  magnitude  of  the  induction  increases 
nearly  in  direct  proportion  to  the  length  of  parallel. 

The  configuration  of  a  power  circuit  has  a  large  influence  on  the 
intensity  of  the  induction  from  balanced  voltages  and  currents,  but  a 
very  small  influence  on  induction  from  residuals.  No  one  eonflguration 
commonly  employed  can  be  selected  as  universally  superior,  since  the 
one  giving  the  least  inductive  effect  depends  oa  the  spacing  of  the  con- 
ductors and  the  relative  position  of  the  two  classes  of  circuits,  also 
upon  the  type  of  induction,  electric  or  magnetic,  which  preponderates. 

Induction  from  balanced  components  increases  nearly  in  direct  pro- 
portion to  the  spacing  of  power  conductors,  but  induction  from 
residuals,  particularly  residual  current,  is  only  slightly  affected  by  the 
conductor  spacing. 

The  intensity  of  the  direct  induction  in  metallic  communication  cir- 
cuits depends  lai^ely  npon  the  arrangement  of  the  conductors  and 
increases  in  direct  proportion  to  their  spacing  (for  two-conductor 
circuits  in  a  given  plane) ;  but  the  inductive  effects  on  the  conductors 
as  a  group,  with  reference  to  the  earth  as  a  neutral  conductor,  are  only 
slightly  affected  by  the  spacing  or  arrangement. 

(&)  Electrical  Factors.  The  induced  current  in  a  communication 
circuit  increases  in  direct  proportion  to  the  magnitude  of  the  voltage  or 
current  in  the  power  circuit  which  causes  it,  and  approximately  in  pro- 
portion to  the  frequency  of  the  inducing  voltage  or  current. 

A&  stated  above,  residual  voltages  or  currents  produce  much  moin- 
intense  inductive  effects  than  balanced  voltages  or  currents  of  the  same 
magnitude. 

The  magnitude  of  the  induced  current  is  considerably  affected  by 
the  amount  and  character  of  line  and  of  terminal  apparatus  between 
the  parallel  or  source  of  disturbance  and  the  receiving  instrument.  ' 
The  primary  effect  of  such  sections  of  unexposed  line  and  apparatus  is 
to  diminish  the  received  current. 

Several  communication  conductors  on  one  line  tend  to  shield  one 
another.  It  is  generally  assumed  that  ground-wires,  as  commonly 
employed  for  lightning  protection  on  power  lines,  are  shielding  agents. 
This  is  true  with  respect  to  inductive  effects  from  residual  voltages  and 
currents,  but  such  ground-wires  may  increase  the  intensity  of  the 
induction  from  balanced  voltages  and  currents,  by  distortion  of  the 
electric  and  magnetic  flelds  about  the  power  circuit. 
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Usiog  the  well-known  laws  of  electricity  and  maf^etism,  it  is  pos- 
sible to  determine  by  compatatious  the  effect  of  these  various  factors, 
botb  dimensional  and  electrical,  in  simple  practical  easas.  Even  with 
the  simplifying  assumptions  allowable,  thie  work  is  usually  tedious.  In 
complex  cases  as  when  the  simultaneoos  action  of  all  factors  is  to  he 
considered,   quantitative   resnlto   are   best   obtained   by   experimental 


7.  TrwiBpoaitiam. 

One  of  the  most  valuable  means  of  overcoming  inductive  interference 
under  normal  operating  conditions  of  power  circuits  is  to  transpose  the 
conductors  of  each  circuit,  so  as  to  equalize  their  relations  to  all  ofher 
circuits  and  to  earth. 

Transpositions  in  a  power  circuit  tend :  (1)  to  equalize  the 
capacitances  of  its  eonduetors  to  ground,  thereby  removing  a  source  of 
residuals,  and  (2)  to  cause  the  inductive  effects  from  the  balanced 
voltages  and  currents  to  neutralize  one  another  in  neighboring  lengths 
of  a  parallel  communication  line.  Transposition  of  a  power  circnit  does 
not  reduce  induction  from  residuals,  except  as  it  may  do  so  indirectly  by 
a  reduction  in  the  magnitude  of  the  residuals  as  just  noted. 

Transpositions  in  a  communication  circuit  tend:  (1)  to  equalize  the 
capacitances  of  its  conductors  to  ground;  (2)  to  lessen  the  induction 
among  the  several  communication  circuits  of  a  line  (known  as  "cross- 
talk" on  telephone  circuits) ;  and  (3)  to  equalize  the  inductive  effects  on 
the  two  sides  of  the  circuits,  due  to  near-by  power  circuits.  Such  trans- 
positions do  not  protect  the  circuit  against  voltages  induced  between 
the  circnit  as  a  whole  and  ground  or  along  the  conductors  as  a  group. 

In  order  that  transpositions  shall  be  most  effective  they  must  be 
carefully  located,  within  sections  where  the  intensity  of  the  inductive 
effects  is  uniform,  with  respect  to  points  where  the  induction  changes, 
called  points  of  discontinuity.  The  transpositions  in  each  class  of  line 
must  also  be  located  with  regard  to  the  transpositions  of  the  other  class 
of  line,  i.e.,  the  transpositions  in  the  power  and  communication  lines 
must  be  co-ordinated. 

On  account  of  the  iinite  (though  very  short)  time  required  for 
electric  waves  to  travel  along  the  conductors,  the  electrical  conditions 
at  a  given  instant  will  be  different  at  different  points  along  the  lines, 
being  practically  opposite  at  points  one-half  wave  length  apart;  hence 
transpositions  laid  out  on  a  basis  of  uniform  conditions  do  not  produce 
perfectly  neutralizing  and  equalizing  effects  in  adjacent  sections  of  a 
parallel.  To  be  effective,  therefore,  the  nominally  balanced  lengths  of 
a  transposition  scheme  should  be  very  short  as  compared  to  a  wave 
length  at  the  frequencies  of  induction  to  be  considered  and  guarded 
against.  The  impairment  of  balance  due  to  this  effect  varies  approxi- 
mately as  the  square-  of  the  length  of  nominally  balanced  section  and 
directly  as  the  frequency  of  the  induction.  It  is  usually  advantageous 
to  omit  transpositions  at  the  junction  points  of  snccessive  balanced  sec- 
tions, or  barrels  of  the  power  circuit,  as  this  lessens  the  impairment  of 
balance  just  mentioned. 

The  length  of  parallel  within  which  a  nominal  balance  should  be 
obtained  in  a  scheme  of  transpositions  designed  to  adequately  reduce 
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interference,  is  nsaally  determined  by  the  points  of  discontinuity,  the 
lengths  of  sectionfi  thus  required  adequately  meeting  the  requirement 
above  mentioned  of  securing  balance  within  a  amall  fraction  of  a  wave 
length.  In  long  uuiform  parallels  involving  telephone  cireuita,  baJl- 
anced  sections  with  barrels  in  the  power  circuits  three  miles  in  length 
are  usnallf  adequate.  For  such  parallels  involving  telegraph  circuits 
longer  barrels  are  permissible,  as  only  the  wave  length  of  fundatqental 
frequency  need  be  considered. 

Though  transpositions  afford  a  very  practical  and  effective  means  of 
mitigation  for  some  inductive  disturbances,  they  cannot  be  considered 
as  a  complete  remedy  for  interference  eveq  imder  normal  operating 
conditions. 

8,  Unbalance  of  Communication  Circuits. 
Differences  in  the  admittances  to  ground  or  series  impedances  of  the 

two  conductors  of  a  metallic  communication  circuit  cause  currents  in 
its  terminal  apparatus  when  a  voltage  is  induced  between  its  eonductors 
and  ground  or  along  its  conductors  in  multiple.  These  unbalaneea 
may  be  reduced  to  the  smallest  practicable  values  by  tran^wsing  the 
conductors  and  by  proper  design,  construction  and  maintenance  of 
open-wire  lines,  cables  and  connected  apparatus.  A  smalt  smennt  of 
unbalance  is,  of  course,  unavoidable.  Since  the  induced  currents  here 
considered  are  proportional  to  the  product  of  the  unbalance  and  the 
induced  voltage,  it  is  necessary  to  restrict  the  amounts  of  either  or 
both  these  factors  in  order  to  sufficiently  limit  the  induced  currents  in 
the  terminal  apparatus  of  metallic  telephone  cireuita. 

9.  Transients  and  Abnormal  CondittOTis. 

When  a  section  of  power  circuit  is  enei^zed  or  de-energized  a  sudden 
change  takes  place  in  the  electric  and  ma^ietw  fields  about  the  ciz- 
cnit.  If  the  several  conductors  are  not  enei^zed  or  de-energized  at 
exactly  the  same  instant,  large  residual  voltages  and  currents  exist 
momentarily.  An  extreme  case  of  this  sort  occurs  when  single-pole 
switches  are  operated  successively,  or  when  one  pole  of  a  switch,  fails 
to  operate. 

When  one  conductor  becomes  grounded  there  is  a  sudden  change 
from  a  condition  of  approximate  balance  to  one  of  large  unbalance 
which  persists  until  the  circuit  is  de-energized  or  the  fault  cleared. 

At  the  time  of  such  abnormal  conditions  of  power  circuits  the  induc- 
tion in  parallel  communication  circuits  is  greatly  in  excess  of  that 
experienced  under  conditions  of  normal  operation,  sometimes  causing 
hazardous  voltages,  and  acoustic  shoeka  to  telephone  users.  If  the 
protective  devices  of  communication  circuits  are  operated,  service  inter- 
ruption continues  for  a  considerable  period  after  the  initial  cause  has 
subsided,  until  such  devices  are  restored.  Where  telephone  circuits  are 
affected  the  operating  personnel  may  be  temporarily  demoralized  l^ 
severe  acoustic  shocks.  An  "arcing  ground"  on  a  power  circuit  not 
normally  connected  to  ground  may  continue  for  some  time  with  constant 
repetition  of  the  accompanying  transients,  and  corresponding  severe 
disturbance. 
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The  means  sometimes  employed  in  handling  f&nlts  in  power  circuits 
of  repeatedly  re-energizing  the  faulty  circuit,  either  to  bnm  off  a 
"ground"  or  locate  it  by  Beetionaliaation,  often  greatly  aggravates  the 
disturbance  to  communication  eireuits  by  repetition. 

Abnormal  conditions  and  severe  switching  transients  are,  aside  from 
their  detrimental  effects  on  communication  circuits,  very  undesirable 
froto  the  standpoint  of  power-system  operation.  The  frequency  of 
.their  occurrence  can  only  be  lessened  by  high-grade  deedga  and  con- 
struction and  by  careful  operation  and  maintenance. 

10.  Nonessential  Features  Cartse  Greatest  Interfeirence. 
It  will  be  apparent  from  the  foregoing  that  those  features  of  power 
and  communication  circuits,  which  have  the  greatest  tendency  to  result 
in  interference,  while  not  wholly  avoidable,  are  nonessentials  which 
rerve  no  useful  end  in  the  normal  functioning  of  the  circuits,  and  that 
the  neewsary  precautions  for  the  prevention  of  inductive  interference 
are  not  incompatible  with  a  high  grade  of  Service  but  to  some  extent 
further  that  end.  This  circumstance  is  fortunate  alike  for  the  public, 
the  power  companies  and  the  communication  companies, 

flUtOINQ  PRINCIPLES  FOR  PREVENTING  INTERFERENCE. 

The  following  are  the  basic  physical  principles  which  underlie  the 
rules  recommended  in  Part  Three  and  which  should  guide  all  efforts  to 
prevent  inductive  interference. 

1.  Avoidane*  of  olon  proximity. 

By  no  other  means  can  complete  freedom  from  interference  be 
secured. 

2.  Elimination  or  ■uppraasion  of  liannontc»> 

To  the  existence  of  harmonica  is  due  practically  all  interference  to 
telephone  circuits  under  the  normal  operating  conditions  of  paralld 
power  circuits.  Improvement  in  this  respect  may  be  effected  by  giving 
due  regard  to  its  importance  in  the  purchase  of  new  equipment. 

8.  Limitation  of  r«s!rfuala.   ' 

The  intensity  of  the  induction  due  to  residual  voltages  and  currents 
is  relatively  more  severe  than  that  due  to  balanced  voltages  and  cur- 
rents and  induction  arising  from  residuals  cannot  be  neutralized  by 
power  transpo-sitions.  They  can  be  lessened  by  balancing  the  litie  and 
also  the  load,  by  the  use  of  advantageous  tran^ormer  connections  and 
by  the  avoidance  of  excessive  magnetic  density  in  the  iron  cores  of 
transformers. 

4.  Reduction  of  intensity  of  induction  by  favorable  arrangement*  of  oonductora. 
.Within  the  latitude  afforded  by  various  practical  configurations  of 
[power  and  communication  circuits  the  induction  with  some  arrange- 
ments is  of  miichlesa  intensity  than  with  others.  In  cases  of  multi- 
circuit power  lines  important  advantage  can  be  secured  by  care  in  fixing 
the  phase  relations  of  the  conductors  of  the  several  circuits. 
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5.  Nautralization  of  induction  by  eo-ordinat«d  transpMltion  Byrtama. 

By  means  of  transpositions  in  both  classes  of  circuits  within  a  parallel 
the  phase  or  direction  of  the  induction  may  be  controlled  ao  that 
mutually  neutralizing  effects  are  created  in  neighboring  lengths  of  cir- 
cuit. To  be  effective  the  transposition  Eystems  of  the  two  classes  of 
lines  must  be  co-ordinated. 

8,  Balancing  of  m«ta)liD  communloatian  ofreuitt. 

Accurate  balancing  of  metallic  communication  circuits,  particularly 
telephone  circuits,  tends  to  reduce  the  disturbing  effect  of  indnction 
from  parallel  power  circuits  and  other  near-by  communication  circuits. 
Unbalances  are  reduced  by  transposing  the  conductors  and  by  careful 
design,  construction  and  maintenance  of  lines  and  apparatus. 

matntananoa  of  powar 

No  means  are  known,  except  increased  separation  of  the  two  classes 
of  lines,  whereby  the  severe  momentary  disturbances  to  comraanicatiqn 
circuits,  due  to  abnormal  conditions  on  neighboring  power  circuits,  can 
be  prevented ;  hence  the  importance  of  minimizing  such  occurrences  by 
high  standards  of  construction,  operation  and  maintenance. 
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FART  THREE. 
REVISED  RULES  RECOMMENDED  BY  COMHITTEE. 
Raaiona  for  Reviling  Rulei. 

Since  submittiiig  its  preliminary  report,  dated  July  7,  1914,  reeom- 
mending  provisional  rules  for  the  prevention  or  mitigation  of  inductive 
interference  which  were  later  embodied  in  Gkneral  Order  No.  39,  thi» 
Committee  has  greatly  extended  its  investigations  of  some  important 
branches  of  the  subject.  Considerable  experience  in  the  practical  appli- 
cation of  the  rules  has  also  been  gained.  In  the  light  of  th«  additional 
information  thus  made  available  and  with  due  consideration  of  criti- 
cisms and  suggestions  which  have  been  offered  by  others,  the  Committee 
has  formulated,  and  herewith  presents,  revised  rules  which  it 
recommends  be  embodied  in  a  new  order  of  the  Bailroad  Commission 
to  supersede  General  Order  No.  39. 

In  formulating  these  revised  rules,  the  Committee  has  endeavored  to 
utilize  the  information  obtained  since  its  former  report  so  that  the 
rules  may  be,  so  far  as  practicable,  definite  and  authoritative  in  respect 
to  the  speciSc  limitations.  The  general  arrangement  of  the  rules  has 
been  modified  in  order  to  better  meet  the  requirements  of  practical  use. 
A  detailed  discussion  of  such  of  the  provisions  as  seem  to  require  it  is 
given  in  a  section  immediately  following  the  rules.. 

T*xt  of  r«vla«d  nilaa. 

RULES  GOVERNING  THE  CONSTRUCTION  AND  OPERATION  OF 
POWER  AND  COMMUNICATION  LINES  POR  THE  PREVEN- 
TION OR  MITIGATION  OF  INDUCTIVE  INTERFERENCE. 

I.     GENERAL  PROVISIONS. 

(a)  Applicability  of  rule*. 

These  rules,  except  as  otherwise  provided  in  I  (e)  shall  apply  and  be 
effective  as  follows : 

1.  Rules  limited  to  lines  involved  in  a  parallel,*  or  to  apparatus  con- 
nected to  such  lines,  shall  apply  only  in  case  of  parallels  created 
hereafter;  except  that  roles  relating  to  operation  or  maintenance  shall 
apply  to  all  such  lines  and  apparatus,  both  existing  and  new. 

2.  Rules  not  limited  to  lines  involved  in  a  parallel,  or  to  apparatus 
connected  to  such  lines,  shall  apply  to  new  construction  only,  including, 
however,  existing  lines  and  apparatus  when  such  are  generally  recon- 
structed or  renewed. 

(b)  Co-operation. 

Any  party  contemplating  new  construction  which  may  create  a 
parallel  shall  confer  with  the  other  party  or  parties  concerned  and  they 
shall  co-operate  with  a  view  of  avoiding  the  parallel,  or,  if  this  be. 
impracticable,  of  minimizing  the  resulting  interference.  Failure  to 
comply  with  this  requirement  will^  receive  consideration  by  this  Com- 
mission in  any  subsequent  issue  involving  such  construction. 

•F'or  deflDltloii  ot  "paj^lel"  see  i>ase  44. 
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{«)  PriiMipla  of  taut  Mwt. 

"Wheal  there  are  two  or  more  different  practicable  methods  of  avoiding 
or  mitigating  interference,  the  method  which  involves  the  least  total 
cost  shall  in  general  be  adopted  irrespective  of  whether  the  necessary 
ehaoges  are  made  in  the  plant  of  the  party  creating  the  parallel  or  in 
the  plant  of  the  other  party ;  provided,  however,  that  preference  shall 
be  given  to  methoda  of  avoiding  a  parallel  over  methods  of  mitigating 
interference;  and  provided,  further,  that  as  between  difCerent  methods 
of  mitigation  having  different  degrees  of  effectiveness,  the  most  effective 
method,  the  cost  of  which  can  be  justified,  shall  be  adopted.  In  esti- 
mating such  costs,  all  factors  of  expense  to  both  parties  shall  be  taken 
into  acconnt. 

(d)  Existing  parallel*. 

Parties  operating  power  or  communication  lines  shall  exercise  due 
diligence  in  'applying  measures,  in  general  accordance  with  the  prin- 
ciples  of  these  rules,  for  mitigating  inductive  interference  due  to  exist- 
ing paraUelfi.  Any  such  parallels  which  now  or  hereafter  cause 
exce^ve  interference  shall  be  attended  to  promptly. 

"When  lines  involved  in  existing  parallels  are  added  to,  extended  or 
generally  reconstructed,  or  when  additional  apparatus  is  connected  to 
saeh  lines,  or  when  apparatus  now  connected  to  such  lines  is  renewed 
or  rearranged,  the  new  or  changed  plant  shaU  thereafter  conform  to  the 
provisions  of  these  rules. 

(•)  Saving  clauaa. 

The  Cfanmission  reserves  the  right  to  modify  any  of  the  provisions 
of  these  rules  in  specific  cases,  when  in  the  Commission's  opinion,  public 
interest  wcmid  be  served  by  ao  doing. 

II.     DEFINITIONS. 

Certain  technical  tenns  are  employed  herein  in  the  senses  set  forth 
in  the  following  definitions : 

<«)  ClaM  H  powar  oireuit. 

The  term  "Class  H  Power  Circuit"  means  any  overhead  open-wire 
constant-potential  alternating-current  power  transmission  or  distribu- 
tion circuit  or  electrically  connected  network  which  has  5,000  volts  or 
more  between  any  two  conductors  or  2,900  volts  or  more  between  any 
conductor  and  ground;  except  railway  trolley  circuits  and  feeders 
electrically  connected  therewith. 

(b)  Electrically  eoniwctad. 

The  term  "Electrically  Connected"  means  connected  by  a  conduct- 
ing path  or  through  a  condenser,  as  distinguished  from  connection 
merely  through  magnetic  induction. 

(o)  Signal  ciroutt. 

The  term  "Signal  Circuit"  meand  any  telephone,  telegraph,  mes- 
senger-call, clock,  fire,  police  alarm,  or  other  circuit  of  similar  nature 
used  exclusively  for  Ihe  transmission  of  signals  or  intelligence,  which 
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Operates  at  less  than  400  volte  to  ground,  or  750  volts  between  any  two 
points  of  the  circuit,  provided  that  if  the  voltage  exceeds  150,  the  power 
transmitted  shall  not  exceed  150  watts, 

(d)  Communication  circuit. 

The  term  "Communication  Circuit"  means  any  overhead  open-wire 
signal  circuit,  except  that,  if  auch  circuit  be  a  telephone  circuit,  it  is 
limited  to  inter-exchange  metallic  telephone  circuits  and  to  metallic 
telephone  circuits  operated  by  a  railroad  or  other  company  for  dispatch- 
ing purposes,  or  for  public  use  between  separate  communities. 

(c)   Lin.. 

The  term  "Line"  means  any  circuit  or  aggregation  of  circuits  car- 
ried on  poles  or  towers,  and  includes  the  supporting  elements. 

<f)   Paraltaf. 

The  term  "Parallel"  means  a  condition  where  a  Class  H  Power  cir- 
cuit and  a  communication  circuit  follow  substantially  the  same  course 
or  are  otherwise  in  proximity  for  a  sufficient  distance  so  that  the  power 
circuit  is  liable  to  create  inductive  interference  in  the  communication 
circuit. 

With  some  parallels  interference  occurs  only  at  times  of  abnormal 
conditions  on  the  power  circuit  in  which  case  such  of  these  rules  as 
affect  induction  only  under  normfli  operating  conditions  do  not  apply. 
When  the  application  of  any  rule  is  thus  restricted,  the  condition  under 
which  the  rule  applies  is  referred  to  as  a  "normal"  parallel, 

<g)  Configuration. 

The  term  "Configuration"  means  the  geometrical  arrangement  of  a 
circuit  or  circuits,  including  the  size  of  the  wires,  and  their  relative 
positions  with  respect  to  one  another  and  earth. 

(h)  Trantpoaition. 

The  term  "Transposition"  denotes  an  interchange  of  position  of  the 
conductors  of  a  circuit  between  successive  lengths  thereof. 

(i)   Barrel. 

The  term  "Barrel"  means  an  arrangement  of  a  section  of  power  cir- 
cuit of  uniform  configuration  within  which  each  conductor  occupies' 
each  of  the  conductor  positions  for  equal  distances. 

(j)   Diaoontinuity. 

The  term  "Discontinuity"  means  any  abrupt  change  in  the  relative 
positions  of  a  power  and  a  communication  circuit,  or  any  abrupt  change 
in  configuration,  line  impedance  or  load  along  either  such  circuit 
(including  such  changes  due  to  connected  circuits,  transformers,  cables, 
loading  coils  or  other  apparatus)  which  materially  affects  the  magni- 
tude or  phase  of  the  induced  voltages  or  currents  per  unit  length  or 
the  capacitances  of  either  circuit.  Transpositions,  however,  are  not 
considered  to  be  discontinuities. 
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(k)  Co-ordination. 

The  term  "Co-ordination"  as  applied  to  transposition  systems  means 
that  the  transpositions  in  power  and  communication  circuits  involved 
in  a  parallel  are  eflScientiy  located,  with  respect  to  each  other  and  to 
the  discontinnitieB,  for  reducing  the  inductive  effects  on  the  eommuni- 
cstioQ  oircnita. 

()}  Balanood  and  rotidual  voltagoa. 

The  voltages  to  ground  of  the  several  wires  of  a  power  circuit  are 
divided  for  convenience  into  two  classes  of  components,  "balanced" 
and  "residual" 

The  "balanced  voltages"  are  those  components  which  are  equal  in 
magnitude  and  have  such  phase  relations  that  tbeir  algebraic  snm  is 
«ro  at  every  instant. 

The  remaining  components  of  the  voltages  to  ground,  which  exist 
under  conditions  other  than  perfect  balance,  are  termed  residual.  They 
,  are  equivalent  to  a  single-phase  voltage  impressed  between  the  power 
wires  in  multiple  and  ground.  The  sum  of  the  residual  components  is 
termed  the  "residual  voltage"  of  the  circuit.  In  ease  of  a  three-phase 
circuit  it  is  three  times  the  equivalent  single-phase  voltage  above 
mentioned. 

Mathematically  expressed,  the  residual  voltage  is  the  vector  sum  of 
the  voltages  to  ground  of  the  several  wires  of  a  power  circuit,  while 
the  balanced  voltages  are  those  components  whose  vector  sum  is  zero. 

(m)   Balanoad  and  rotidual  current*. 

The  currents  in  the  several  wires  of  a  power  circuit  are  divided  for 
convenience  into  two  class  of  components,  "balanced"  and  "residual." 

The  "balanced  currents"  are  those  wholly  confined  to  the  wires  of  the 
cironit.     Hence  their  algebraic  sum  is  zero  at  every  instant. 

The  remaining  components  of  the  currents  in  the  several  wires,  which 
exist  under  conditions  other  than  perfect  balance,  are  termed  residual. 
The  siun  of  the  residual  components  is  the  "residual. current"  of  the 
circuit.  It  is  equivalent  to  a  single-phase  current  in  a  circuit  having 
the  power  wires  in  multiple  as  one  side,  and  ground  as  the  other  side. 

Mathematically  expressed,  the  residual  current  is  the  vector  sum  of 
the  currents  in  the  several  power  wires  while  the  balanced  currents  are 
those  components  whose  vector  snm  is  zero. 

III.     LOCATION  OF  LINES. 

(a)  Avoidanco  of  paralltla. 

Every  reasonable  effort  shall  be  made  to  avoid  creating  parallels.  If 
the  parties  concerned  can  agree  upon  a  plan  for  providing  an  adequate 
'  separation  of  the  two  classes  of  lines  so  as  to  avoid  interferenee,  such 
plan  shall  be  put  into  effect.  In  no  case  shall  a  parallel  be  created 
unless  the  oost  of  avoidance  by  separation  is  greater  than  the  cost  of 
tbe  remedial  measures  required  by  these  rules. 

(b)  Notica  of  intantlon. 

The  party  proponng  to  build  a  new  Class  H  power  or  a  communica- 
tion line  which*  will  create  a  parallel,  or  generally  to  reconstruct  or 
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change  the  operating  conditions  of  an  existing  line  involTed  m  s  par- 
allel, shall  give  due  notice  (at  least  sixty  days  where  practicable  but  in 
any  event  not  lesa  than  twenty'  days  in  advance  of  construction,  except 
for  minor  extensions,  for  which  notice  shall  be  given  immediately  after 
the  work  is  authorized)  of  auoh  intention  to  the  other  parly  including 
full  information  as  to  the  location  within  the  parallel  and  such  other 
features  of  the  proposed  line  as  would  affect  induction. 

(e)  Oiatanc*  betwean  line*. 

Class  H  power  lines  and  communication  lines  shall  be  kept  as  far 
apart  as  practicable.  Their  separation  should  be  at  least  equal  to  the 
height  above  ground  of  the  power  wires,  except  when  closer  proximity 
is  unavoidable. 

If,  in  any  ease  of  inductive  interference,  it  should  be  found  imprac- 
ticable to  obtain  a  proper  degree  of  relief  by  means  of  the  remedial 
measures  set  forth  in  these  rules  or  by  other  measures  of  a  remedial 
nature,  the  parties  concerned  shall  agree  upon  and  put  into  effect  a 
plan  for  increasing  the  separation  of  the  lines  within  the  parallel. 

To  promote  the  effective  application  of  transpositions,  both  parties 
shall  endeavor  to  maintain  a  uniform  separation  of  the  two  lines 
throughout  each  normal  parallel.  However,  in  general,  when  it  is 
feasible  to  secure  more  than  a  20  per  cent  increase  in  separation,  for  a 
distance  in  excess  of  one  mile,  this  shall  be  done. 

(d)  Length  of  parallelt. 
Parallels  shall  be  made  as  short  as  practicable. 

(•)   Diacontinuitiea. 

In  the  location,  construction  and  general  reconstruction  of  lines 
within  normal  parallels  every  reasonable  effort  shall  be  made  to  avoid 
discontinuities  (except  those  due  to  increases  in  separation  as  provided 
for  in  (c)  above)  which  would  interfere  with  the  application  of  effective 
and  economical  co-ordinated  transposition  systems  in  the  power  and 
communication  lines. 

In  the  location  and  construction  of  the  first  line  along  a  public  high- 
way, special  effort  shall  be  made  to  avoid  crossing  the  highway  and 
also  to  avoid  other  features  which  would  result  in  unnecessary  discon- 
tinuities in  the  event  of  the  construction  of  another  line  along  the  same 
highway. 

rV.    DESIGN  AND  CONSTRUCTION  OF  LINES. 

(a)  General  requirementa. 

The  quality  of  material,  workmanship,  methods  and  grade  of  con- 
struction shall  be  in  accordance  with  approved  modem  practice  with " 
special  regard  to  the  prevention  of  failures  and  the  avoidance  of 
features,  such,  for  example,  as  inferior  insulation,  which  would  tend  to 
cause  or  promote  inductive  interference. 

(b)  Arrangement  and  apaoing  of  power  conduotora. 

In  the  design  for  construction  or  general  reconstruction  of  Class  H 
power  linos,  consideration  shall  be  giA-en  to  the  configuration  of  the  lines 
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with  a  view  to  minimizing  (1)  throughout  the  entire  length  of  the  line 
inequalities  among  the  capacitances  to  earth  of  the  conductors ;  and  (2) 
within  normal  parallels  the  intensity  of  the  inductive  effects.  Whan 
two  or  more  cirenits  are  carried  on  one  line  the  phase  relations  among 
the  conductorg  of  the  different  circuits  should  be  chosen  with  the  same 
purposes  in  view.  The  confignrations  to  be  preferred  for  three-phaSe 
lines  under  different  conditions  are  discussed  in  the  Exhibit  attached 
hereto. 

Excessive  spacing  of  conductors  should  be  avoided. 

Two-wire  branches  electrically,  connected  to  8  three-phase  Class  H 
power  circuit  should  be  avoided  except  those  so  short  that  they  c\ji  not 
materially  unbalance  the  three-phase  circuit.  Where  such  branches  are 
employed  they  should  be  so  distributed  as  to  cause  minimum  unbalance. 

No  single-wire  grounded  Class  H  power  circuits  or  branches  of  multi- 
wire  Class  H  power  circuits  shall  be  employed. 

(o)  Tranapoaitiont— Q«ner«l. 

All  Class  H  power  circuits  and  metallic  communication  circuita,  or 
extensions  of  such  circuits,  hereafter  constructed  or  generally  recon- 
atmcted,  shall  be  transposed  throughout  their  entire  lengths  in  snch 
maimer  as  to  balance,  as  nearly  as  practicable,  the  capacitances  to  earth 
of  their  eondnctora.  For  single-circuit  three-phase  lines  the  maximum 
length  of  barrel  for  this  purpose  shall  be  twelve  miles  for  circuits  of 
triangular*  configuration  and  six  miles  for  other  configurations..  For 
twin-circuit  three-phase  lines  the  maximum  length  of  barrel  shall  be  six 
miles;  except  that  for  circuits  of  the  vertical  type  {including  cases 
with  the  middle  conductors  displaced  slightly  outward)  and  the 
equilateral  triangular  type  with  vertices  upward,  nine-mile  barrels 
mi^  he  used  when  the  circuits  are  interconnected  for  minimum  unbal- 
ances. The  accompanying  Exhibit  contains  information  concerning  the 
methods  of  interconnection  giving  minimum  unbalances. 

ExcepUant.  Pon-er  lines,  located  principally  oa  private  rights  of  way  and  nat 
dectricallr  connecte*!  to  otber  lines,  sre  exempt  from  this  rule  if  sepatated  from 
ezisUDg  communication  lines,  and  from  hiebiraTB  required  for  the  future  construc- 
tton  of  commuDicatlon  lines,  by  diataucea  not  less  tban  those  given  below,  except  for 
croesinKs  at  angles  over  30  degrees  and  other  sections  of  unavoidable  closer  proximity 
not  exceeding  one  mile  in  total  length  in  each  ten  conaecntive  miles  of  line,  pro- 
vided, howerer.  that  such  sections  of  closer  proximity  to  aoy  one  such  conuavDfca- 
tion  line  or  highway  shall  not  exceed  one  mile  in  each  thirty  consecutive  miles  of  line. 


Below  50,000 

50^000- mooo 

75,000-100.000 

loo-ooo-isaooo 
i»,ao(Kioo,ooo 


750  feet 
^feet 
l^XOleet 
1. WO  feet 


For  power  lines  meettng  all  these  conditlMis  for  exemption  except  that  tbey  a 
electrically  connected  to  other  lines  through  antotransformers,  the 
ol  barrel  may  be  twice  those  specified  above. 
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The  question  of  wbether  highways  that  maj  be  involved  will  be  required  for  fature 
^mnioiiication  lines  shall  be  Battled  by  agreement  between  the  power  company 
contemplating  couatructlon  and  the  commnnicatioa  companies  operating  within  the 
territory  to  be  traversed.  In  the  event  of  dlsagrMment  or  if  there  la  no  soch 
conunnnicatioD  company,  the  matter  aball  be  referred  to  this  Oonuniasion.  Id  case* 
where  the  propoaed  use  of  a  particnlar  highway  by  a  commnnlcatlon  company  would 
be  the  determhiing  factor  in  deciding  whether  a  given  power  line  must  be  transposed, 
such  communication  companj  ahall  make  an  effort  to  locate  its  proposed  line  else- 
where and  tbe  decision  shall  be  made  in  accordance  witb  the  principle  of  least  cost 
laid  down  in  I   (c). 

Existing  Class  H  power  circuits  and  thoae  exempted  under  the  pre- 
ceding paragraph,  which  hereafter  become  involved  in  normal  parallels, 
shall  be  transposed  so  as  to  balance  their  capacitances  to  earth,  when 
necessary  for  limiting  residual  voltages  and  currents  to  amounts  which 
can  be  tolerated.  The  location  and  number  of  transpositions  for  this 
purpose  shall  be  determined  by  agreement  of  the  parties  concerned. 

lu  the  location  and  spacing  of  the  transpositions  due  regard  shall  be 
paid  to  discontinuities  which  affect  the  capacitances  of  the  circtiit. 
Sections  of  circuit  between  sueh  points  of  discontinuity  should  be 
treated  independently. 

In  general,  transpositions  should  be  omitted  at  the  junction  points  of 
successive  barrels. 

Metallic  ooramuniefi.tion  circuits,  and  single-phase  and  two-phase 
Class  H  power  circuits,  shall  be  transposed  at  intervals  not  exceeding 
four  miles. 

Power  circuits  less  than  three  miles  in  length  are  not  tequired  to  he 
transposed  outside  of  parallels,  except  when  the  absence  of  transposi- 
tions would  materially  impair  tbe  balance  of  other  circuits  to  which 
they  are  electrically  connected. 

Power  circuits  with  grounded  neutrals,  having  a  voltage  of  less  than 
12,500  volts,  between  conductors,  are  not  required  to  be  transposed  out- 
side of  parallels,  except  where  the  lack  of  such  transpositions  in  any 
specific  case  is  the  cause  of  interference. 

Within  normal  parallels  the  transpositions  in  the  two  classes  of  cir- 
cuits shall  be  as  provided  in  (d)  below.  When  the  transpositions 
required  in  a  parallel  impair  the  general  transposition  system  of  either 
line  outside  the  limits  of  the  parallel,  the  necessary  readjustment  of 
transpositions  shall  be  made  in  the  sections  of  line  adjacent  to  the 
parallel,  as  a  part  of  the  remedial  measures  therefor. 

(d)  Tranepositl on*— Inside  limits  of  parallels. 

Within  each  normal  parallel  an  adequate  scheme  of  transpositions,  to 
neutralize,  so  far  as  practicable,  the  inductive  effects,  shall  be  installed 
in  the  power  circuits,  and  also  in  the  communication  circuits,  provided 
the  latter  are  metallic.  The  transposition  systems  in  the  two  classes  of 
circuits  shall  be  properly  co-ordinated.  The  parties  concerned  shall 
co-operate  to  determine  upon  the  transposition  scheme  to  be  employed. 
Tbe  transpositions  required  in  the  line  last  constructed  shall  be  installed 
before  it  is  placed  in  service. 

In  applying  tbe  foregoing,  the  following  rules  shall,  in  general,  be 
observed : 
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1.  For  each  normal  parallel  at  leaat  one  barrel  shall  be  installed  in 
the  power  circuit.  This  applies  also  to  a  section  of  parallel  where  it  is 
not  practicable  to  obtain  a  balaoce  by  combining  it  with  another  sec- 
tion. In  applying  this  rule  it  is  not  intended  ordinarily  to  cfaaage  the 
span  lengtl^  required  for  other  purposes. 

2.  In  loi^  aniform  parallels  or  sections  of  parallel,  involving  a  tele- 
phone line  at  highway  separation  from  the  power  line,  the  barrels  shall 
be  three  miles  in  length,  subject  to  such  variation  as  may  be  necessary 
for  co-ordination  with  the  transpositions  required  in  the  telephone 
circuits.  Transpositions  should  in  general  b?  omitted  at  the  junction 
points  of  successive  barrels. 

3.  Except  as  modified  by  (1)  above,  the  number  of  transpositions 
required  in  power  circuits  paralleling  telephone  circuits  shall  be  sub- 
ject to  the  following  limitations  expressed  in  terms  of  the  average 
distance  between  successive  transpositions : 

For  power  circaits  of  50,000  voits  or  more  between  oonduetoni, 
not  lees  than  one  mile. 

For  power  cirenita  of  less  than  50,000  volts  betwem  oonductors, 
not  less  than  one-sixth  mile.* 

4.  In  cose  of  a  parallel  between  a  power  line  and  a  telegraph  line  or 
other  groonded  communication  line,  the  transpositions  in  the  power  cir- 
enit  shall  be  located  with  due  r^ard  to  the  limits  of  the  parallels  and 
to  discontinuities,  in  order  to  form  as  nearly  as  practicable  a  balanced 
system,  subject  to  the  cmdittoQ  that  the  transpositions  in  the  power 
circuit  are  not  required  to  be  less  tJian  one  mile  apart,  except  as 
modified  by  (1)  above.  In  long  uniform  sections  of  parallel,  barrels 
six  miles  in  length  should  be  sufficient.  Transpositicms  should  be 
omitted  at  the  junction  points  of  BOccessive  barrels. 

5.  The  question  of  the  most  economical  scheme  to  accomplish  the  pur- 
pose shall  always  be  considered.  Effort  shall  be  made  tontUize  as  many 
as  practicable  of  the  existing  transpositions. 

It  is  suggested  that  in  case  of  a  short  section  of  new  line,  not  soificiettt 
of  itself  to  require  transpositions,  but  which  is  likely  to  be  extended 
later  so  that  transpositions  would  then  be  necessary,  consideration  be 
given  to  the  advisability  of  installing  one  or  more  suitably  located  trans- 
positions in  the  new  section  of  line  while  it  is  being  constructed  in  order 
to  avoid  interrupting  the  service  by  adding  transpositions  aftenrards. 

Exception*.  Casea  of  para1I«tiEni  may  occur  where  the  ioterference  is  due  eXxaoBt 
wholly  to  reBidaal  voltages  and  cnmnts  in  which  event  transpoBltions  in  the  power 
dmit  are  not  required,  except  as  provided  Id  IV  (o), 

V.     DESIGN,  CONSTRUCTION  AND  ARRANGEMENT  OP  APPARATUS, 
(a)  duality  and  auiUbility. 

In  designing,  specifying,  or  otherwise  determining  the  quality  or  suit- 
ability of  apparatus  to  be  connected  to  Class  H  power  or  communication 

■WUIe  barrels  o(  approximatclr  three  mllea,  aa  provided  In  2  ai>ove,  are  senerallr 
to  be  employed,  the  riiorter  iKirrela  siwctfled  In  3  are  sametlmea  neceBsarr  in  ahort 
psrallela  and  In  ahort  secttma  of  parallela.  In  order  to  co-ordlnBte  wttli  OM  dlaoon- 
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circuits,  and  in  arranging  such  apparatus  for  use,  effort  shall  be  made  to 
avoid,  80  far  as  is  reasonably  practicable,  all  features  which  would  tend 
to  create  or  promote  inductive  interference  under  either  normal  or 
abnormal  conditions.  As  instances  in  applying  the  foregoing,  the  fol- 
lowing rules  shall  be  observed. 

(b)  Rotating  machinBry. 

In  order  to  improve  conditions  generally,  companies  operating  Class 
H  power  circuits  shall  make  every  effort  to  minimize  the  high  frequency 
components  of  voltages  and  currents  caused  by  rotating  machinery.  AU 
new  rotating  machinery  shall  have  as  nearly  as  practicable  a  pure  sine 
wave  of  voltage  and  shall  not,  in  any  case,  deviate  therefrom  to  exceed 
the  limit  set  forth  in  the  present  standardization  rules  of  the  American 
Institute  of  Electrical  Eugineera. 

No  ground  connection  ^all  be  used  on  the  armature  winding  of  an 
altemating-cnrrent  generator  or  motor  elecMcally  connected  to  a  power 
circuit  involved  in  a  normal  parallel  unless  means  are  employed  to 
avoid  unbalancing  the  circuit  and  to  reduce  triple-harmonic  reeidnals  as 
far  as  may  be  necessary  and  practicable. 

(c)  Transformara  and  thatr  eonnaotiona. 

In  order  that  the  wave-shape  of  voltage  and  current  may  be  distorted 
as  little  as  practicable  by  transformers,  all  new  transformers  on  Class 
H  power  circuits  should  have  an  exciting  current  as  low  as  is  consistent 
with  good  practice,  and  which  shall  not,  at  rated  voltage,  exceed  10 
per  cent  of  the  full  load  current ;  except  that  for  transformers  without 
neutral  ground  connections  on  the  line  side,  the  exciting  current  at 
rated  voltage  need  not  be  less  than  0.2  ampere. 

"Where  three-phase  transformers  are  employed  with  grounded  neutrals 
the  core  type  is  preferable  to  the  shell  type. 

Transformers  or  transformer  banks  ^all  not  be  grounded  at  such 
points  of  their  windings  as  to  imbalance  a  connected  circuit  involved  in 
a  normal  parallel.  As  important  cases  under  this  rule,  no  grounded 
single-phase,  grounded  three-wire  two-phase,  or  grounded  open-star 
tbiee-phase  connection  shall  be  so  employed. 

No  star-oonnected  transformers  or  antotransformers  shall  be  em- 
ployed with  a  grounded  neutral  on  the  side  connected  to  a  three-phase 
power  circuit  involved  in  a  normal  parallel,  unless  low-impedance 
delta-connected  secondary  or  tertiary  windings  or  other  equivalent 
means  are  used  for  suppressing  the  triple  harmonic  components  of  the 
residual  voltages  and  currents  introduced  by  the  transformers. 

Care  shall  be  taken  that  the  individual  units  in  each  grounded- 
neutral  bank  of  transformers,  connected  to  a  circuit  involved  in  a 
normal  parallel,  are  alike  as  to  type  and  rating,  including  all  electrical 
characteristics,  and  that  they  are  similarly  connected,  so  as  not  to 
unbalance  the  circuit. 

Closed-delta  connections  shall  be  used  wherever  practicable  in  prefer- 
ence to  open-delta  connections  oh  three-phase  power  circuits  involved  in 
normal  parallels.  When  open-delta  connections  are  employed,  an  effort 
shall  be  made  to  distribute  such  connections  equally  among  the  three 
phases. 
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"Wliere  triple  harmonic  residaal  voltages  and  currents  dne  to  star- 
connected  transformer  banks  exist  in  amounts  which  can  not  be 
tolerated,  and  it  is  inexpedient  to  isolate  the  transformer  nentrals,  such 
residuals  shall  be  limited  by  operating  the  transformers  at  reduced 
magnetic  density  or  by  other  available  means. 

(d>  R«etiffar«; 

Rectifiers  and  other  apparatus  tending  to  distort  the  alternating  cur- 
rent wave  when  installed  on  power  lines  inTolved  in  normal  parallels, 
shall,  if  necessary,  be  equipped  with  suitable  auxiliary  apparatus  to 
prevent  harmful  distortion  of  the  wave-form  of  power-circuit  voltage 
or  current. 

(•)  Switchea. 

Each  oil-break  switch  in  a  power-circuit  involved  in  a  paralleJ,  located 
between  the  source  or  aources  of  energy  and  the  parallel,  and  used  for 
energizing  or  de-energizing  the  circuit,  shall  have  all  poles  mechanieally 
interconnected  for  simultaneoos  action.  There  shall  be  at  least  one 
such  switch  so  located  as  to  control  the  supply  of  energy  to  each 
power  circuit  involved  in  a  parallel,  and,  except  at  stations  where 
an  operator  is  constantly  on  duty,  such  switch  shall  be  made  automatic 
for  short  circuits,  grounds,  and  in  case  of  grouiided  neutral  circuits, 
for  abnormal  neutral  grounds. 

Careful  consideration  shall  be  given  to  means  of  minimiziug  transient 
disturbances  caused  by  switching  operations  on  Class  H  power  circuits, 
which  would  cause  inductive  interference.  'Wherever  praotiosble  pro- 
vision shall  be  made  for  switching  on  the  station-side  rather  than  tm  the 
line-side  of  transformer  banks. 

Oil-break  switches,  having  their  poles  mechanically  interconnected  for 
simultaneous  action,  shall  be  provided  wherever  the  use  of  air  switches 
or  noninterconnected  single-pole  oil  switches  would  cause  harmful 
transient  disturbances  in  parallel  communication  circuits. 

(f)  Fii«»«. 

Switches  shall  be  used  instead  of  main  line  fuses  wherever  praotic^le 
in  a  power  circuit  involved  in  a  parallel, 

(g)  Elactrolytlo  lightning  arraatera. 

When  electrolytic  lightning  arresters  are  employed  on  a  power  circuit 
involved  in  a  parallel  they  shall  be  equipped  with  auxiliary  charging 
resistances  and  contacts  so  arranged  that  the  horn  gaps  are  short- 
circuited  at  the  time  of  charging,  to  avoid,  as  far  as  possible,  the 
production  of  arcs. 

(h]  Specict  inatrumanta. 

Reliable  indicating  devices  ^all  be  installed  at  the  source  of  suppl^^ 
of  power  eireuits  involved  in  parallels,  to  inform  the  operators  imme- 
dit^ly  of  abnormal  conditions,  aueb  as  grounds,  and  wherever  possible, 
open  circuits,  which  have  not  operated  automatic  switches. 

Whenever  a  neutral  ground  connection  is  employed  on  a  circuit 
involved  in  a  parallel,  an  ammeter,  suitable  for  measuring  the  current 
in  the  neutral  under  nonnal  operating  conditions,  shall  be  installed  in 


each  neutral  conueetioD  to  ground  at  the  main  generating  and  main 
attended  substations  on  the  power  ^stem  electrically  connected  to  the 
circuit  involved  in  the  parallel. 

(i)  Communication  apparatua. 

All  apparatus  electrically  connected  to  metaHie  communication  cir- 
cuit involved  in  parallels  shall  be  designed  and  constructed  so  as  to 
secure  as  nearly  as  practicable  an  accurate  balance  of  the  series 
impedances  and  the  admittances  to.  earth  of  the  two  aides  of  the  cir- 
cuits in  order  to  minimize  the  detrimental  effects  of  induction  from 
parallel  power  circuits. 

Vi.     OPERATION  AND  MAINTENANCE. 
{■)  Qanaral  roquiramenta. 

Power  and  commonication  companies  shall  use  all  reaaonable  means 
to  operate  and  maintain  circuits  involved  in  parallels  in  such  a  manner 
as  to  minimize  interference  under  conditions  of  normal  operation,  and 
to  avoid  transient  disturbances. 

<b>  Ba4«nc«. 

In  the  maintenance  of  both  power  and  communication  circuits 
involved  in  parallels  special  care  shall  be  given  to  the  prevention  of 
mechanical  and  electrical  failures  which  would  cause  or  promote 
transient  disturbances  or  unbalances  such  as  those  due  to  tree-grounds, 
defective  or  dirty  insulators  or  other  faults. 

The  voltages  and  currents  of  power  circuits  involved  in  parallels  shall 
be  kept  balanced  as  closely  aa  practicable  and  accidental  unbalances 
shall  be  promptly  corrected. 

(o)  Raoord  of  nautral  aurrenb 

At  all  points  on  grounded  neutral  systems  equipped  as  required  in  V 
(ft),  the  power  company  shall  observe  and  record  daily  the  approximate 
maximum  neutral  current. 

(d)  Tranafarmart. 

No  transformers  connected  to  power  circuits  involved  in  normal 
parallels  shall  be  operated  at  more  than  10  per  cent  above  their  rated 
voltage.  Wherever  practicable  in  case  of  existing  equipment  and  in  all 
eases  of  new  equipment,  transformer  banks  with  grounded  neutrals  on 
the  aide  which  is  connected  to  a  power  circuit  involved  in  a  normal 
parallel  shall  not  be  operated  at  more  than  5  per  cent  above  their  rated 
voltage. 

(a)  Switohino. 

In  all  switching  operatioDS  care  shall  be  taken  to  avoid,  so  far  as 
possible,  the  production  of  harmful  transient  disturbances. 

(f)  Charging  alaotrolytlc  Hghtning  airaatera. 

"When,  notwithstanding  compliance  with  V  (g),  interference  is  caused 
by  charging  electrolytic  lightning  arresters,  such  chat^ng  shall  be  done 
at  night,  so  far  as  is  possible,  preferably  between  2  a.m.  and  4  a.in. 
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(g)  Abnormat  oonditioiw. 

Power  companies  shall  adopt  operating  rules  which  shall  specifically 
oatline  the  procedure  for  their  operators  during  times  when  a  power 
circuit  involved  in  a  parallel  is  abnormally  unbalanced,  as  will  occur 
with  an  open,  grounded  or  short-circuited  line  or  transformer  winding. 

Such  rules  shall  in  general  provide  for  the  discontinuance  of  opera- 
tion of  the  power  line  until  the  fault  is  remedied,  excepting  only  those 
cases  where  it  is  clear  that  the  service  rendered  the  public  by  con- 
tinuing operation  of  this  section  of  power  line  is  of  greater  importance 
than  the  conununication  service  interrupted  by  such  continued 
operation. 

"When  it  is  necessary  to  energize  a  defective  power  line  in  order  to 
locate  a  fault,  care  shall  be  taken  to  avoid,  as  far  as  possible,  repeatedly 
energizing  any  section  of  such  line  which  parallels  communication 
circuits,  ontil  the  fault  has  been  cleared.  Whenever  possible  the  faulty 
section  of  line  shall  not  be  energized  more  than  once  until  disconnected 
from  the  section  of  line  involved  in  the  parallel. 

To  facilitate  the  study  and  prevention  of  disturbances  in  communi- . 
caticm  circuits,  occasioned  by  transient  conditions  of  power  circuits, 
accurate  record  shall  be  kept  of  the  nature  and  time  of  occurrence '  of 
failures,  changes  in  operating  arrangements  and  all  switching  during 
times  of  abnormal  conditions  of  Class  H  power  circuits  involved  in 
parallels;  and  of  all  transient  disturbances  in  communication  circuits. 
These  records  shall  be  made  available  for  use  in  tracing  the  canscs  of 
such  transient  disturbances. 


EXHIBIT. 

ARRANGEMENT  AND  SPACING  OF  POWER  CONDUCTORS. 

Supplementing  IV  (b)  and  IV  (c). 

The  arrangement  and  spacing  of  the  conductors  of  power  eircuite  are 
of  importance  in  determining  (1)  the  unbalances  or  inequalities 
among  the  capacitances  of  the  conductors  to  ground,  which  cause 
residual  voltages  and  currents,  and  (2)  the  intensity  of  the  inductive 
effects  produced  in  communication  circuits  by  the  balanced  voltages 
and  currents  of  parallel  power  circuits.  For  sections  of  line  within 
limits  of  parallels,  consideration  of  the  inductive  effects  should  in  gen- 
eral control  rather  than  consideration  of  the  capacitance  unbalances. 
For  sections  of  line  outside  the  limils  of  parallels,  consideration  of 
capacitance  unbalances  should  be  given  the  greater  weight,  particularly 
for  circuits  operated  without  gronnded  neutrals. 

The  figures  and  compariBons  given  herein  apply  to  nontransposed  cir- 
cuits,  but  the  comparisons  of  different  configurations  hold  also  for 
tran^osed  circuila,  provided  the  circuits  are  transposed  identically. 
If  there  were  no  irregularities  or  inexactnesses  to  impair  the  effective- 
nesB  of  a  transposition  system,  it  would  be  poss;U)le  theoretically, 
neglecting  the  effect  of  phase  change  and  attenuation,  to  obtain  a 
perfect  balance  by  means  of  transpositions,  irrespective  of  the  arrange- 
ment of   the   conductors.    Practically,   however,   circuits   even   when 
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carefully  transposed  have  a  material  resultant  unbalance,  particularly 
at  tlie  frequeucies  of  the  higher  harmonies,  and  this  unbalance  is 
proportional  to  the  unbalance  characteristic  of  the  circuit  configuration. 
In  a  similar  manner  the  resultant  induction  due  to  a  power  circuit  is 
proportional  to  the  intensity  of  the  induction  characteristic  of  the 
configuration.  Configurations  differ  widely  in  respect  to  their  char- 
acteristic unbalances  and  intensities  of  induction,  some  arrangements, 
particularly  of  twin  circuits,  giving  fully  90  per  cent  leas  imbalances 
or  induction  than  others. 

The  effects  of  the  arrangement  and  spacing  of  conductors  on  the 
unbalances  of  their  capacitances  to  ground  and  on  the  induction  pro- 
duced in  parallel  communication  circuits  are  discussed  separately. 

Effect  on  Capacitance  Unbalance. 
In  general,  the  capacitances  to  ground  of  the  conductors  of  a  non- 
transposed  multicouductor  circnit  are  unequal,  the  magnitude  of  the 
percentage  unbalances  being  determined  by,  and  therefore  characteristic 
of,  the  configuration  of  the  circuit.  This  " eharaeteriatifl  unbalance"  is 
an  important  factor  in  determining  the  residual  voltage  of  a  circuit 
isolated  from  ground,  and  in  determining  the  residual  current  of  a 
grounded  neutral  circuit,  in  so  far  as  such  current  is  caused  by  the  line 
itself.  Taking  as  a  measure  of  the  characteristic  unbalance,  the 
residual  voltage  of  a  short,  uniform,  nontransposed  circnit  without 
metallic  connection  to  ground  and  energized  with  balanced  three-phase 
voltages  between  conductors,  termed  the  "characteristic  residual  volt- 
age," the  following  table  affords  a  comparison  of  various  configurations 
of  single-circuit  power  lines  over  the  practical  range  of  cross-sectional 
dimensions. 


Dnsymmetnoal  7    to  11 

Isosceles  tr  I  angle- 
Base  borlzontal . — . ,     ,  0    to    8 

Basa  vertical O.E  to    9 

"L" 2    to    0 

Inverted  "L" ! 4    to    7 

Triangular  circuits  have  the  smallest  nnbalancefl  and  characteristic 
residual  voltages.  Symmetrical  horizontal  and  vertical  circuite  are 
about  alike,  the  vertical  having  slightly  the  greater,  and  unBymmetrieal 
horizontal  circuits  have  the  largest.  The  characteristic  residual  volt- 
ages of  Eiymmetrical  horizontal  and  vertical  configurations  are  from  2 
to  8  times  that  of  a  corresponding  equilateral  triangular  circuit, 
depending  upon  the  spacing  and  height  of  the'  conductors.  The 
characteristic  residual  voltages  of  unsymmetrical  horizontal  circuits  are 
about  20  per  cent  greater  than  those  of  symmetrical  horizontal  oir- 
ouits.    They  may,  however,  be  reduc^  t»  those  of  the  Bymmetrical  eases 
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if  Qx  position  of  the  intermediate  coDductor  is  alternated  bo  that  its 
average  position  is  midway  between  the  two  outside  conductors.  (If 
the  ciTcnit  is  transposed  this  condition  should  be  fulfilled  in  each  section 
between  transpositions. ) 

The  characteristic  residusrvoltages  c^  equilateral  triai^ular  circuits 
are  closely  proportional  to  the  conductor  spacing,  but  the  oonductor  spao- 
infr  has  bnt  little  effect  in  the  cases  of  vertical  and  horizontal  circuits. 

With  twin-circuit  lines  it  is  possible  to  interconnect  the  two  circuits 
so  that  their  imbalances  tend  to  neutralize,  giving  smaller  resultant 
unbalances  among  the  capacitances  of  pairs  of  interconnected  eou- 
dnctora  than  the  unbalances  among  the  conductors  of  individual 
circuits.  For  twin  circuits  of  any  type  the  maximum  unbalances  occur 
wlien  conductors  symmetrically  located  with  respect  to  an  intermediate 
vertical  plane  are  at  common  potential  This  arrangemait  should  be 
avoided  in  aU  cases. 

For  cirenits  of  the  vertical  type,  or  with  top  and  lowest  conductors 
in  a  vertical  plane  and  middle  conductors  displaced  outward  a  small 
distance,  the  minimum  resultant  unbalances  are  obtained  when  the  top 
ctmductors  of  the  two  circuits  are  at  commcai  potential  and  the  middle 
and  lowest  conductors  of  one  circuit  are  at  the  potentials  of  the  lowest 
and  middle  conductors  respectively  of  the  other.  (See  Figs.  1  and  2.) 
For  triangular  and  horizontal  circuits  the  minimum  resultant  unbal- 
ances are  obtained  when  similarly  placed  conductors  of  each  circuit  are 
at  common  potential.  (See  Figs.  3,  4  and  5.)  These  figures  are  cross- 
seetional  diagrams,  the  conductors  at  common  potential  being  shown  as 
interconnecteiS. 

The  resultant  unbalances  with  these  arrangements  are  in  some  eases 
less  than  10  per  cent  and  in  general  leas  than  50  per  cent  of  those  with 
the  worst  condition  described  above.  The  arrangements  indicated  by 
Figs.  1,  2  and  3  give  resultant  unbalances  of  the  order  of  magnitude  of 
those  of  single-circuit  equilaterial  triangular  lines  of  corresponding 
conductor  spacing,  while  those  of  Figs.  4  and  5,  in  general,  give  greater 
unbalances.  In  all  cases  the  characteristic  residual  voltage  is  taken  as 
the  measure  of  the  unbalance. 

Where  ground  wires  are  used  or  in  cases  where  unsymmetrieal 
circuits  or  more  than  two  circuits  are  involved,  special  study  ia  neces- 
sary to  determine  the  best  arrangement. 
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With  twin  eircuits  of  any  confignration  if  the  interconnection  giving 
mazimom  unbalance  be  altered  by  transposing  the  interconnecting 
wires  the  nnbalance  is  halved.     The  two  ^^  i^„,.a«« 

possible    interconnections    resulting    from   »— k-> ".«.-  .«»..i«™«eT.o» 
this  procednre  are  shown  in  Fig.  6.     This  i 

plan  is  useful  when  there  is  a  donbt  as  to  *  |" 

the  best  arrangement.  t     *^^    I 

To    obtain    the    greatest    advantage    of        _^  „„«-,  u>4><.*»qe 

arrangements  giving  small  unbalances  the   ™«-ft«-o  .fc««co™«eTi<»« 
twin  circnita  should  be  interconnected  at  (  i 

both  ends  of  the  line  and  at  intermediate         \^\  *yK^ 

substations    where    practicable.     In    cases      •'''^_N_J  t     ',  i  /^ 
where  twin  circuits  are  paralleled  on  the  '  ■ 

station  side  of  transformer  banks  but  can  ris.s 

not  he  interconnected  on  the  line  side,  it  is 

stin  advantageous  to  fix  the  phase  relation  of  the  conductors  as  if  they 
were  to  be  interconnected  for  minimum  unbalaneea. 

When  transposing  twin-circuit  lines  to  secure  capacitance  balance, 
the  two  circuits  should  be  transposed  at  the  same  points  and  care 
should  be  taken  to  secure  the  condition  for  minimum  unbalance  in  each 
section  of  line  between  transpositions.     (See  Fig,  9,  below.) 

The  foregoing  facts  have  an  important  bearing  on  the  number  of 
transpositions  required  to  adequately  balance  different  types  of  circuits, 
more  frequent  transpositions  being  necessary  in  circuits  of  large  char- 
acteristic unbalances.    This  has  been  considered  in  IV  (c). 

Effect  on  Imnoncm  From  Balancbo  Tco/rAQEs  and  Cubbsnts. 

The  type  of  power  circoit  producing  the  least  inductive  effects  in  a 
parallel  eontmunication  cireoit  depends  upon  the  spacing  of  the  con- 
ductors and  the  separaticoi  from'  the  communication  circuit.  In  general, 
for  all  tiypes  of  circuit,  an  increase  in  the  spacing  of  the  power 
conductors  causes  a  proportionate  increase  in  the  magnitude  of  the 
todnctive  effects.  Excessive  pacing  ^oald  therefore  be  avoided. 
On  the  other  hand,  ample  spacing  to  prevent  ahort-circnits  or  gronnds, 
due  to  snow,  wind,  birds,  etc.,  is  eseential  from'  ttte  standpoint  of 
inductive  interference,  as  well  as  from  that  of  power  aervioe. 

For  lines  separated  by  the  wridth  of  an  ordinary  highway,  «  vertical 
type  of  power  circuit,  in  general,  causes  the  smallest  inductive  effects, 
while  the  faorizontal  types  catue  the  greatest  effects,  the  triangular  types 
being  intermediate  in  this  respect.  The  relative  merits  of  different 
configurations  vary  somewhat  with  the  separation  of  the  two  clasBes  of 
lines  and  with  the  dimensions  of  the  power  oi^cuit,  depending  also 
upon  the  relative  importance  of  the  balanced  voltages  and  currents  in 
producing  induction. 

For  low-voltage  horizontal  Md£S,  15,000  volts  or  less,  a  symmetrical 
arrangement  of  the  conductors  is  better  than  an  unsymmetrical  arrange- 
ment. For  lines  of  any  voltage,  If  an  ijnsym metrical  arrangement  is 
used,  the  intermediate  conductor  should  be  displaced  toward  the  com- 
munication circuit.  Hence,  unsymmetrical  horizontal  power  circuita 
along  highways  should  have  the  intermediate  conductor  placed  on  the 
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side  of  the  poles  tovxird  the  road,  wher^  Qommimicatitm  circuits  are,  or 
may  be,  located  m  the  opposite  aide  of  the  road. 

When  two  or  more  synchronoua  eircuita  are  carried  on  one  line  it  is 
possible  to  interconnect  the  conductors  of  the  two  circuits  or  otherwise 
hx  their  phaae  relations  so  that  a  partial  neutralization  of  the  inductive 
effects  taktts  place.  For  twin  circuits  of  the  vertical  type,  or  with  the 
top  and  lowest  conductors  in  a  vertical  plane  and  the  middle  conductors 
displaced  outward  a  small  distance,  the  most 
-     ;    .  A    I    /        favorable  condition  is  in  general,  to  have  the 

\|/  \i/         diagonally  opposite   conductors  at  common 

■  Y  ■        . — )l^      potential.     (See  Figs.  7  and  8.) 
/[\  /!  V  ^*"'  circuits  of  other  types  the  most  favor- 

•    I    *  •    ■    *       able  method  of  connection  varies  with  the 

FIG  7  no  B  spacing  and  height  of  the  power  conductors 

■««T«TOio».MT«-«~— «=T.o«  and  with  their  position  relative  to  the  com- 
VAUUHO  M.H.MUM  iHouiTi«  munication  circuit.  Thus  it  is  not  possible 
"'""  to    give    a    general    recommendation,    since 

special  study  is  required  in  each  specific  ease  to  determine  the  most 
advantageous  method  of  interconnection.  Special  study  is  also  required 
for  lines  carrying  more  than  two  circuits  of  the  same  or  different  volt- 
ages, for  unsymmetrical  double-circuit  lines,  and  in  cases  where  ground 
wires  are   used. 

In  transposing  twin-circuit  lines  to  neutralize  the  inductive  effects  in 
parallel  communication  circuits,  a  similar  precaution  shoold  be  observed, 
as  noted  above,  with  respect  to  transpositions  for  capacitance  balance. 
(See  Fig.  9.) 

SaOOMMSHDBD  OONFIGDBATIONS. 
Taking  into  account  both  effects  above  discussed  and  practical  con- 
siderations of  construction,  the  equilateral  triangular  configuration 
(either  the  "horizontal-base"  or  "wishbone"'  type)  is  in  general  rooom- 
mended  for  single-circuit  power  lines;  and  the  vertical  configuration 
(including  type  of  construction  with  middle  conductors  displaced 
slightly  outward  from  vertical  plane  of  the  other  two)  for  twip-eircait 
power  lines. 

The  method  of  tranaposiog  twin  verticd  lines  to  preserve  the  beet 
relation  of  interepDnected  conductors  both  outside  and  inside  limits  of 
parallels  is  illustrated  in  Fig.  9,  one  barrel  being  shown  in  each  location. 


Further  information  concerning  the  subject  discussed  in  this  exhibit 
will  be  found  in  Technical  Reports  Nos.  51,  64  and  65  of  the  Joint  Com- 
mittee on  Inductive  Interference.  These  and  other  technical  reportg 
are  to  be  published  by  the  state  of  California. 

COMMENTS  ON  RULES.* 

Three  principal  features  are  to  be  noted  in  comparii^  the  revised 
rules  with  General  Order  No.  39 : 

1.  The  arrangement  baa  been  entirely  altwed  in  order  to  group 
related  provisions  of  the  rules  and  facilitate  finding  any  particular 
subject. 

■Not  IntMided  to  b«  Included  In  proposed  QenerKl  Ordor. 
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2.  The  principle  of  eo-operation  in  the  determination  of  means  for 
avoidance  and  mitigation  of  interference  has  been  emphasized  through- 
out in  conjunction  with  definite  guiding  rules  where  it  is  practicable  to 
introduce  them.  An  example  of  this  is  the  speciSe  procedure  outlined 
in  lY  (d)  for  the  transposition  of  lines  within  parallels. 

3.  Some  of  lie  rules  of  a  precautionary  nature  are  not  limited  to 
lines  involved  in  parallels  and  apparatus  connected  thereto,  but  apply 
to  all  new  constmction.     , 

Some  of  the  rules  are  disciisaed  in  detail  below : 

I.    Qaneral  provision*. 

(a)  ApplicabiUty  of  Rules. 
In  adopting  these  rules  in  Caiifomia,  it  would  be  inadvisable,  in  this 
Committee's  opinion,  to  make  them  retroactive.  To  apply  the  rules  to 
all  existing  construction  would  call  for  extensive  changes  in  plant  on 
the  part  of  power  and  communication  companies,  particularly  in  trans- 
posing or  retransposing  power  and  telephone  lines  within  parallels. 
Considerable  time  would  be  necessary  for  laying  out  the  transposition 
schemes,  as  each  parallel  requires  a  special  study  in  order  to  determine 
the  most  effective  scheme.  If  the  transposition  work  were  to  he  car- 
ried out  independently  of  other  reconstruction,  the  extra  cost  and 
interruption  to  service  would  be  important  items  and  would  involve  an 
undue  hardship,  except  in  cases  of  serious  inductive  interference  which 
the  rules  provide  shall  Be  attended  to  promptly.  See  I  (d).  It  has 
accordingly  been  deemed  advisable  to  limit  the  application  of  the  rules 
generally  to  new  construction,  except  those  rules  which  deal  with  main- 
tenance and  operation  where  no  reason  for  such  limitation  exists.  The 
underlying  principle  is  that  all  new  and  reconstructed  plant,  as  it  is 
built  or  installed,  shall  be  made  to  conform  wi^  these  rules. 

(b)  Co-operation. 
Without  a  proper  spirit  of  co-operation  on  the  part  of  power  and 
communication  companies,  no  rulM  respecting  inductive  interference 
can  be  expected  to  have  a  full  measure  of  snee«ss.  To  get  the  best 
results,  it  is  essential  that  each  party,  operating  either  class  of  utility, 
recognize  and  have  regard  for  the  rights  and  interests  of  the  other 
party,  and  also  the  convenience  of  the  public  as  affected  by  the  several 
kinds  of  service.  Ad  attitude  of  indifference,  or  of  perfunctory  adher- 
ence to  the  letter  of  .the  rules  without  giving  consideration  to  all  the 
various  relevant  circumstances,  may  to  a  large  extent  vitiate  the  results 
contemplated  in  these  rules.  The  right  procedure  to  employ  in  any 
case  of  interference,  actual  or  impending,  depends  upon  a  variety  of 
factors,  such  as  the  charaetei:  and  importance  of  the  service  involved, 
the  effect  on  existing  plant,  the  reiation  of  present  procedure  to  future 
plans  of  the  parties  concerned,  besides,  of  course,  the  relative  costs 
and  eEfectiveness  of  different  procedures,  all  of  which  demand 
co-operation. 

(c)  Priiiciple  of  Least  Cost. 

"Where  there  are  two  or  more  different  methods  available  for  avoiding 

or  effectively  mitigating  an  interference,  public  interest  requires  that 

the  method  of  least  total  cost  shnnld  he  adopted.     If  alternative  methods 
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afford  different  degrees  of  effectivenees,  the  method  selected,  if  not  the 
most  effective,  must  at  least  be  one  which  will  give  sati^actory  results. 
Id  general,  the  most  effective  method  should  be  chosen  except  where 
the  saviDg  in  cost- realized  by  another  method  is  substantial  and  the 
sacrifice  of  effectiveness  is  not  serious.  In  applying  this  principle  to 
individual  practical  cases,  the  importance  of  the  particular  service, 
affected  should  be  taken  into  account  and  a  grade  of  service  maintained 
which  is  adequate  and  proper  for  the  conditions  of  the  case. 

(d)  ExistiTig  ParalUels. 
This  rule  has  been  drawn  to  conform  to  the  principle  explained  in 
the  diaenseion  nnder  (a)  above.    To  care  for  caaea  of  aerioua  inter- 
ference, provision  is  made  that  such  cases  ahall  be  dealt  with  promptly. 

II.     D«finitionB. 

(o)  Class  H  Power  Circuits. 
This  designates  a  restricted  class  of  electrical  supply  circuits  and  is 
intended  to  accord  with  the  terminology  of  other  orders  of  this  state 
and  elsewhere  relative  to  inductive  interference  and  physical  hazard. 
This  class  covers  the  great  majority  of  circuits  causing  disturbances. 
Electric  railway,  series  lighting  and  certain  other  circuits  are  treated 
separately-  id  Appendix  I. 

(ft)  Electrically  Connected. 
"Electrical"  connection  is  distinguished  from  "magnetic"  connec- 
tion.    Electrically  connected  apparatus  affects  the  balance  of  a  circuit 
with  respect  to  earth,  while  the  corresponding  effect  of  magnetically 
connected  apparatus  is  negligible.  '        ' 

(c)  Signal  Circuits. 
This  is  substantially  the  definition  given  in  the  National  SJ^ctric 
Safety  Code  (Circular  No.  54  of  the  U.  S.  Bureau  of  Standard*). 

(d)  Communication  Circuits. 
A  restricted  class  of  signal  circuits.    Other  signal  Cfrcuits  are  con- 
sidered in  Appendix  I. 

(t)  Barrel. 
This  tenu,  while  most  cgmmonly  used  in  connectiop  wifh  three-phase 
thiee-wire  circuits,  applies  in  principle  to  any  cirmiit  having  two, or 
more  metallic  conductors,  aueh,  for  example,,  as  a  fo^ir-wire  etrtmit,  in 
whieh  ease  a  barrel  may  be  seqored  by  three  transpoBition^  at  quarter 
points  in  a  uniform  section  of  line.  .  i,  . ., 

(I)  and  (m)  Baianced  and  Besidvmi  Voltage?  q^  Currpntg.    . 
The  definitions  of  residuals  given  ar6  identical  in  meaning'  with  those 
of  General  Order  No.  89',  but  they  are  more  folly  explained  and  con-- 
tnsted  'witii  balanced  voltage^  and  enrrents. 
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The  di™ion  of  Toltaees  and  currents  of  power  circaits  into  balancecl 
and  residual  components  is  fundamental  to  tbe  consideration  of  effects 
of  transpositions,  power-circuit  configuration,  transformer  connections, 


III.    Loeation  of  DnM. 

(a)  Avoidance  of  Pan^lela, 
Tbe  first  and  most  obvious  means  of  preventing  inductive  interference 
is  to  avoid  the  close  association  of  power  and  communication  circuits. 
Further,  it  is  recognized  that  in  no  other  way  can  complete  freedom 
from  interference .  be  secured.  While,  with  the  ever-increaung  net- 
work of  electrical  circuits  of  all  kinds,  adequate  separation  to  avoid 
interference  is  becoming  increasingly  difficult  to  maintain,  the  Com- 
mittee feels  that  the  importance  of  such  separation  justifies  its  being 
made  the  first  premise  in  rules  designed  to  prevent  iodaetive 
interference. 

(6)  Notice  of  Intention. 
In  order  to  secure  the  time  essential  for  determining  the  proper  pro- 
cedure in  case  of  a  parallel,  advance  notice  is  necessary.  Throngh  the 
opportunity  for  co-operative  study  thus  afforded,  means  of  avoidance 
or  designs  to  reduce  the  interference  cbh  be  worked  out  io  advance  and 
applied  during  the  course  of  construction,  at  minimum  cost  and  before 
interference  develops. 

(c)  Distance  Between  Lines. 
Since  the  inductive  effects  decrease  rapidly  with  the  separation  of  the 
parallel  lines,  the  importance  of  this  rule  is  evident.  The  effectiveness 
of  transpositions  depends  upon  the  creation  of  mutually  neutralizing 
inductive  effects  in  neighboring  sections  of  circuit  and  will  in  general 
be  impaired  if  the  intensity  of  induction  is  different  in  different  sec- 
tions of'  the  parallel.  Hence  uniformity  of  separation  is  important. 
If' 

(d)  Lengtk  of  Parallel. 
Other  things  bein^  equal,  the  inductive  efFects  of  a  parallel  increase 
in  proportion  to  itt  length.    Hence,  parallels  should  be  made  as  short 
as  practicable. 

(e)  Disconiinuitiea. 

In  general,  the  more  discontinuities  there  are  in  a  parallel  the  more 
transpositions  are  required  in  both  power  and  communication  circuits 
to  provide  effective  balance,  and  since  frequently  it  is  difBcult  or 
impracticable,  in  the  design  and  layirat  of  transposition  schemes,  to  take 
into  account  minor  diseontinuities  which  tend  to  nullify  tbe  effective- 
ness of  the  transpositions,  all  disoootinuitiefl  shonld  be  avoided  as  far 
as  practicable  in  the  location  and  construetion  of  lines. 

Msay  instances  have  oocnrred  where  the  first  line  along  a  road  oroased 
at  frequient  intervals  in  order  to  i^apen  construction.  This  procedon 
creates  difBculties  for  any  line  subsequently  constructed,  besides  gteatly 
oomplicatin;;  the  transposition  scheme  requited  to  reduce  indootiTtt 
interference. 
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IV.    D«sign  and  oonatruetloit  «f  ItnM. 

(o)  General  Seqttirements. 
Ab  a  primary  consideration,  power  and  eommimication  lines  which 
are  liable  to  beeome  involved  in  parallels  should  be  deaigned  and  con- 
stTDCted  in  a  proper  manner,  with  due  regard  to  features  affecting 
interference,  such  as  iuaulattoa.  Severe  tran^ent  disturbances  to  com- 
monication  circuita  due  to  abnormal  conditions  on  power  line* 
emstitote  a  serious  problem  because  there  are  no  effective  meaDS  of 
overcoming  them.  Hence,  the  importance  of  good  constructitm  in  pre- 
venting the  occurrence  of  failures  on  power  cirooits.  Fortunately, 
eonstruction  which  meets  this  important  need  will  also  best  insure 
uninterrupted  service  of  the  power  system  itsdf. 

(fe)  Arrangement  and  Spacmg  of  Power  Conductors. 

The  arrangement  and  spacing  of  the  condncrtorB  of  power  cirenits  are 
of  importance  in  determining  the  circuit  unbalances  which  give  rise  to 
residuals,  and  in  determining  the  intensity  of  the  induction  in  parallel 
communicatian  eircnits  due  to  balanced  voltages  and  currents.  By 
proper  consideration  of  this  matter  in  the  design  and  construction  of 
lines,  the  interference-producing  charaeteristica  of  such  lines  may  be 
material^  lessened  with  little  or  no  additional  cost.  This  is  particu- 
larly true  of  multi-circuit  lines  in  whidi  case  great  benei^t  may  be 
secured  simply  by  care  in  fixing  the  phase  relations  amtmg  the  conduc- 
tors of  the  different  circuits.  Due  to  lack  of  generally  available 
information  on  this  subject  it  is  deemed  advisable  to  give,  in  the  form 
of  an  exhibit  a  brief  resume  of  the  Committee's  technical  data  bearing 
on  the  subject  thus  maldng  possible  intelli^nt  compliance  with  the  rule. 

This  rule  is  not  mandatory  with  respect  to  any  particular  arrange- 
ment of  conductors,  for  while  some  arrangements  have  important 
advantages  over  others  it  is  inadvisable  to  thus  restrict  the  tjrpe  of  line 
construction,  when  in  many  eases,  by  carefnl  transposition  of  the  line, 
the  desired  end  can  be  attained  more  cheaply.  'Wlierever  practicable, 
however,  the  benefits  derived  by  favorable  arrangements  of  conductors 
should  be  sought  as  an  additional  safeguard  against  interference, 
particularly  in  case  of  major  parallels.  The  great  benefits  obtainable  by 
advantageous  methods  of  interconnection  of  twin  circuits  should  be 
secured  in  all  such  lines. 

Two  wire  branches,  metallieaHy  connected  to  a  three-phase  circuit, 
inherently  unbalance  the  three-phase  circuits.  Even  short  branches  of 
this  character  may  czuse  an  unbalance  equal  to  that  of  the  three-phase 
circuit  without  transpositions.  The  Committee  realiKes  that  the  use  of 
such  branches  offers  an  economical  means  of  supplying  small  loads  and 
that  therefore  they  should  not  be  absolutely  prohibited.  Every  effort 
dionld,  however,  be  made  to  avoid  them. 

Single- wire  grounded  power  circuits  are  inherently  completely  unbal- 
anced, that  is,  the  entire  voltage  and  current  are  residual,  hence  they  are 
parti^arly  troublesome  to  parallel  communication  circnite. 
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(c)   Transpositions — General. 

The  unbalanced  capacitances  to  ground  of  power  circuits  are  an 
important  cause  of  residual  voltages  and  currents.  This  is  tme  of 
grounded  neutral  as  well  as  isolated  circuits  but  is  of  greater  impor- 
tance with  reference  to  the  latter.  While  such  unbalances  may  be 
lessened  by  observing  certain  prscsutions  in  the  arrangement  and 
spacing  of  the  conductors  as  discussed  above,  this  is  not  in  itself  snfB- 
cient  and  the  circuit  must,  in  general,  be  transposed  so  that  each 
condBCtor  occupies  all  of  the  conductor  positions  for  equal  distances, 
with  due  regard  to  discontinuities.  In  other  words,  an  integral  number 
of  barrels,  must  be  installed  between  terminals  or  switching  points. 
The  lengths  of  barret  specified  are  based  on  the  unbalanced  capacitanees 
characteristic  of  the  different  configurations  and  upon  phase-change  and 
attenuation  at  the  harmonic  frequencies  which  cause  the  greater  por- 
tion of  the  interference  to  telephone  circuits. 

In  respect  to  metallic  communication  circuits,  particularly  telephone 
circuits,  the  more  perfectly  the  capacitances  of  the  conductors  are 
balanced,  t)ie  less  the  disturbing  effects  of  induction  from  parallel  power 
circuits.  Unless  the  conductors  of  a  circuit  are  symmetrically  placed 
with  respect  to  earth  and  all  other  conductors  on  the  line,  transposi- 
tions are .  necessary  to  equalize  the  capacitances  to  ground  of  the  two 
aides  of  the  circuit.  Telephone  circuits  are  usually  transposed  with 
respect  to  one  another  and  these  transpositions  substantially  meet  the 
requirements  of  this  rule. 

Obviously,  to  undertake  the  transposition  of  the  whole  of  an  extensive 
power  network  at  the  time  of  the  creation  of  a  parallel,  is  very 
expensive,  particularly  in  view  of  the  interruption  to  service  occasioned 
thereby.  On  the  other  band,  in  the  initial  construction  or  during 
genersi  reconstruction,  an  adequate  transposition  system  can  usually  be 
installed  at  small  cost  as  a  definite  part  of  the  construction  work.  Sufih 
transpositions,  besides  serving  to  limit  the  residuals  in  all  parallels  with 
commercial  communication  circuits,  are  also  beneficial  in  reducing  the 
induction  in  private  telephone  circuits  which  are  often  on  the  same 
poles.  It  is  recognized  that  some  power  circuits,  particularly  those  of 
extra  high  voltage,  are  located  on  private  rights  of  way,  at  such 
distances  from  highways  that  transpositions  are  not  necessary  for  the 
protection  of  communication  lines,  and  provision  has  accordingly  been, 
made  for  the  esemption  of  such  circuits  from  the  general  requirement 
of  transpo.sitions  at  the  time  of  construction.  In  some  cases,  the 
proximity  without  tranjipositions  permitted  by  the  exception  may  result 
in  serious  interference,  and  special  study  should  be  given  to  cases 
which  are  on  the  border  lino. 

In  the  matter  of  existing  power  circuits,  and  new  power  circuits 
coming  under  the  above  exception,  which  hereafter  become  involved  in 
parallels,  provision  is  made  that  they  shall  then  be  transposed  suffi- 
ciently to  limit  their  residual  voltages  and  currents  to  amounts  which 
can  be  tolerated.  Since  in  these  oases  two  or  m(H%  parties  are  concerned, 
it  is  provided  that  the  necessary  transposition  system  shall  be  deter- 
mined co-operatively. 
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( d)    Transpogitient — Intide  Limiti  »f  ParvUeU. 

TraoBposition   systems  in   both  power  and  conununication  circuitB 

vhes  properly  co-ordinated  offer  the  most  reliable  and  effective  means 

of  preventing  interference  from  the  balanced  voltages  and  currents  of 

the  power  circaits. 

In  coDtrast  with  the  corresponding  rule  of  General  Order  No.  39, 
which  allowed  the  communication  company  to  specify  the  nomber  and 
location  of  the  traoapositioos  in  the  power  circuit,  this  revised  rule 
provides  that  both  parties  shall  co-operate  to  decide  upon  the  trans- 
position scheme  to  be  employed.  In  the  past  moat  of  the  work  of 
designing  transposition  schemes  for  parallels  has  been  done  by  the 
communication  companies,  bat  bo  far  as  this  Committee  is  aware  the 
n^otiations  relating  thereto  have  been  generally  ctmducted  in  a  spirit 
of  co-operation. 

Three-mile  barrels  in  three-phase  power  circuits  co-ordinate  satisfac- 
torily with  telephone  traiispoBition  systema  now  available  (designed 
particularly  for  circuits  involved  in  parallela)  and  are  short  enoi^h 
so  that  the  effect  of  phase^hange*  along  the  line,  in  impairing  the 
efficiency  of  the  transposition  scheme,  ie  small.  The  omissioD  of 
transpositions  at  the  junction  points  of  barrels  does  not  usually  impair 
the  co-ordination  of  the  traneposition  systems  and  is  advantageous  in 
reducing  the  effect  of  phase-change  brides  reducing  the  number  of 
power  tranapoBitions.  It  is  impossible  in  a  rule  to  specify  exactly  the 
spacings  of  transpositions  withm  parallels  either  in  power  or  telephone 
lines  since  the  spacings  required  vary  with  the  circumstances  being 
considerably  influenced  by  the  lei^h  of  the  parallel  and  by  the  dis- 
continuities in  both  classes  of  line. 

Barrels  less  than  three  miles  in  length  are  oft«i  very  useful  for  secur- 
ing economical  and  satisfactory  schemes  of  transpositions,  but  in  the 
higher  voltage  lines  the  difGculty  and  expense  of  installation  are  such 
that  they  are  justified  only  in  exceptional  cases.  For  lines  of  lower 
voltages,  parallels  are  more  numerous  and  shorter  barrels  are  practi- 
cable, also  the  greater  liability  of  discontinuities  (such  as  branch 
loads)  in  low-voltage  lines  renders  necessary  the  greater  flexibility  of 
shorter  barrels.  The  rules  accordingly  make  distinction  between  lines 
above  50,000  volts  and  those  below  50,000  volts  in  specifying  minimum 
lengths  of  barrel.  The  limitations  are  identical  with  those  of  General 
Order  No.  39. 

Several  schemes  of  co-ordinated  transpositions  can  be  designed  for 
any  given  parallel  depending  upon  the  utilization  of  existing  trans- 
positions, length  of  barrel,  type  of  telephone  transposition  system  and 
discontinuities.  Obviously,  that  scheme  involving  minimum  total  cost 
t^bould  usually  be  chosen.  Generally  in  a  new  parallel  it  is  economical 
to  transpose  the  new  line  to  co-ordinate  in  part,  at  least,  with  the  exist- 
ing transpositions  of  the  prior  line. 

V.     Daaign,  oonstruction  and  amtngemBnt  of  apparatus. 

(a)  Quality  and  SuitdbUiiy. 
The  same  considerations  that  are  mentioned  under  IV   (a)   which 
demand  care  in  the  design  and  construction  of  power  and  eommunica- 
*T)w  pITect  of  phaee-clianse  Is  dl>cu«ed  In  Technical  Report  Tfo.  8S. 
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tion  Una  to  prevent  inductive  interference  and  to  aecure  continuity  of 
service,  apply  also  to  the  apparatus  connected  to  sucli  lines. 

(6)  Rotating  Machinery. 

The  elimination  of  higher  harmonics  from  the  wave  form  of  rotating 
machinery  strikes  at  the  source  of  disturbance  to  telephone  circuits  by 
removing  an  underlying  cause.  It  is  obviously  a  matter  which  can  best 
be  eared  for  in  specifications  for  new  machinery. 

In  providing  that  the  deviation  from  a  pure  sine  wave  shall  not 
exceed  the  limit  set  forth  in  the  present  standardization  rules  of  the 
American  Institute  of  Electrical  Engineers,  it  is  recognized  that  this 
limit  is  unsatisfactory.  This  Committee  has  been  in  correspondence 
with  a  committee  of  the  American  Institute  of  Electrical  Engineers 
which  has  under  consideration  the  revision  of  the  Institute's  present 
rule  oa  the  subject.  It  is  expected  that  the  revised  standardization  rule 
will  be  more  satisfactory^  and  it  is  recommended  that  this  revised  rulft, 
when  issued,  be  recognieed  by  the  Commission. 

The  improvement  of  wave-form  in  rotating  machinery  is  essentially 
a  problem  for  the-  manufacturer  and  all  new  machines  should  be 
designed  with  this  in  view.  This  Committee  understands  that  sub- 
stantial improvement  in  this  direotioa  can  be  effected  at  relatively 
small  cost,  hence  this  is  one  of  the  general  precautionary  rules  made 
applicable  to  all  new  construction.  '  For  the  improvement  of  conditions 
with  respect  to  machines  already  manufactured  and  installed,  the  use 
of  devices  or  "networks"  external  to  the  machine,  designed  to  ahunt 
the  troublesome  high-frequency  components  from  the  line,  probably 
offers  the  most  economical  solution.  The  use  of  such  devices  may  ev^ 
prove  economical  with  new  maehines. 

The  provision  against  grounding  armatnre  windings  is  designed  to 
avoid  a  source  of  large  harmonic  readuals. 

(c)  Transformers  and  Their  Connections. 

If  high  magnetic  densities  be  employed  in  transformers,  the  exciting 
current  is  large,  and  large  higher  harmonic  components  are  introdueed. 
The  10  per  cent  limit  on  exciting  current  here  provided  serves  to  guard 
against  extreme  designs  but  does  not  restrict  present  standard  practice. 
It  is  sometimes  economical  to  design  small  units  for  a  greater  exciting 
current.  Banks  of  such  small  units,  operated  without  neutral  ground 
connections  on  the  line  side,  do  relatively  little  harm,  hence  the 
exception.  Low  exciting  current  is  much  more  important  for  trans- 
formers of  grounded  neutral  banks  than  for  transformers  operated 
without  metallic  connection  to  ground. 

Core-type  three-phase  transformer.s  tend  to  suppress  their  triple- 
harmonic  exciting  currents  by  mutual  interaction  in  the  cores.  '  This 
is  an  important  advantage  over  shell-type  transformers,  if  there  is  a 
grounded  neutral,  as  it  helps  to  suppress  triple  harmonic  residuals. 

The  grounding  of  transformer  banks  at  such  points  of  their  windings 
as  to  unbalance  power  circuits  involved  in  parallels  is  prohibited  on 
account  of  the  residuals  thereby  caused. 

Star-connected  transformers  inherently  tend  to  cause  triple- 
harmonic  residuals  in  connected  transmission  lines  if  the  neutral  be 
grounded.     These  residuals  can  be   greatly  reduced  bv  oroviditig  a 
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shunt  path  for  the  triple-harmonie  currents  in  the  form  of  delta- 
connected  windings,  but  such  delta  windinga  must  be  of  relatively  low 
impedance  in  order  to  be  effective.  Other  means,  viz,  operation  at 
low  magnetic  density,  interconneeted-star  arrangements,  or  provision 
of  star-delta  connected  transformers  as  shunts  for  the  triple  harmomcs 
of  star-star  banks,  may  prove  adequate  in  some  cases. 

Dissimilarities  of  electrical  characteristics  or  connections  among  the 
different  transformers  of  a  grotmded-neutral  bank  cause  the  power 
circuit  to  be  unbalanced. 

Open-delta  connections  cause  triple-harmonic  currents  in  transmission 
lines  wherefia  in  closed-delta  transformer  ban^,  such  cnrrents  are 
locally  confined. 

The  triple-barmonic  residuals,  which  occur  in  grounded  star-connected 
systems,  praetically  disappear  when  the  neutrals  are  isolated.  How- 
ever, it  ia  not  always  detrirable  to  isolate  all  nentrals.  By  reduction  in 
operating  voltage  or  by  changes  of  transformer  taps  which  reduce  the 
magnetic  density  of  connected  transformers  relatively  large  reduction 
in  triple-hamionic  residuals  may  be  effected.  This  niay  in  some  cases 
prove  the  simplest  remedy  for  excessive  residuals. 

(e)  Switckes. 
The  operation  of  switches  is  sometimes  the  cause  of  severe  transient 
disturbances  in  parallel  communication  circuits.  This  is  due  in  part 
to  Donaimultaneous  operation  of  the  several  poles  of  the  switch  which 
gives  rise  momeotarily  to  large  residuals.  Oil-break  switches  usually 
complete  the  opening  or  closing  of  a  circuit  within  a  few  cycles  while  air 
switches  require  a  much  longer  time. 

In  order  to  prevent  the  continuance  of  abnormal  conditions  on  power 
circnita  with  the  consequent  disturbances,  lines  involved  in  parallels 
should  be  disconnected  immediately  upon  the  occurrence  of  failures, 
and  accordingly  the  rule  provides  that  there  shall  be  at  least  one 
automatic  switch  if  prompt  manual  control  be  not  available. 

The  transient  disturbances  are  less  severe  when  switching  is  per- 
formed on  the  station  side  of  transformer  banks,  hence  this  procedure  is 
recommended  when  practicable. 

(f)  Fuses. 

The  same  consideration  of  avoiding  the  large  residuals  incident  to 

uoBsimultaneous   opening  of  the   several  phases  of  a  power  circuit 

(referred  to  under  "Switches"),  dictates  the  preference  for  switches 

instead  of  fuses. 

(j;)  Electrolytic  Lightning  Arresters. 
Electrolytic  lightning  arresters  not  equipped  <i°  specified  in  this  rule 
cause  harmonic  residuals,  due  to  arcing,  which  may  result  in  severe 
disturbances  in  parallel  communication  circuits.  The  use  of  charging 
contacts  and  auxiliary  charging  resistances  largely  prevents  the  arcing 
and  lessens  the  rush  of  current  so  that  such  disturbances  are  greatly 
reduced 
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(A)  Special  ImtrumeMs. 

The  object  of  this  rule  is  to  provide  for  immediate  relief  from  the 
abnormal  disturbancee  occasioned  by  grounds,  open  circuita,  etc.,  which 
cause  large  residuals  on  power  circuits,  by  giving  notice  of  the  existence 
of  such  unbalanced  conditions. 

Ammeters  in  the  neutrals  of  transformer  banks  serve  to  indicate  the 
degree  of  balance  of  the  power  circuit.  By  observing  such  meters, 
unbalances  smaller  than  those  which  would  operate  circuit  breakers 
can  be  detected.  It  is  not  necessary  that  such  ammeters  be  constantly 
in  circuit  and  suitable  provision  should  be  made  for  their  protection 
under  abnormal  conditions. 

(i)  Communication  Apparatus. 
It  is  necessary  to  balance  as  accurately  as  practicable  metallic  com- 
monication  circuita  and  electrically  connected  apparatus  in  order  to 
minimize  the  disturbing  effects  of  parallel  power  circuits.  This 
requires  that  such  apparatus  be  so  designed  and  connected  as  not  to 
introduce  irregularities  either  in  the  series  impedances  of  the  two  sides 
of  the  circuit  or  in  their  admittances  to  ground.  This  applies  to  all 
such  apparatus,  including  that  used  for  superposed  grounded  signaUing 
systems  (such  as  telegraph  on  telephone),  although  such  balancing  has 
no  effect  on  interference  with  the  superpcned  grounded  system  itself. 

VI.     Oparation  and  malntanano*. 

(b)  Balance. 
It  is  to  be  expected  that  by  careful  inspection  and  maintenance 
incipient  causes  of  failures  can  be  detected  and  corrected  before  they 
develop  serious  consequences.  In  this  way  interruption  to  service  can 
be  avoided  as  well  as  severe  disturbances  to  parallel  communication 
circuits. 

(d)  Transformers. 
This  rule  is  designed  to  limit  the  introduction  of  harmonics  due  to 
excessive  magnetization  of  transformers,  which  occur  when  they  are 
.operated  at  voltages  above  normal.  Such  overvoltage  operation  is 
particularly  undesirable  in  the  case  of  grounded-neutral  banks  of 
tranaformers. 

(e)  Switching. 

Examples  of  compliance  with   this  rule  are,   the  use  of  oU-break 

switches    with    poles    mechanically    interconnected    for    simultaneoui 

action   instead   of   air-break   switches,   switching   on   station   side   of 

transformer  banks,  and  exercise  of  special  care  in  synchronizing, 

(/)  Charging  Electrolytic  Lightning  Arresters. 

In  cases  where  noticeable  interference  is  occasioned  by  charging 

electrolytic  lightning  arresters  equipped  as  required  in  V   (g),  the 

disturbance  can  be  made  less  troublesome  by  charging  them  during  the 

early  morning  hours  when  telephone  circuits  are  little  used. 
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{g)  Abnormal  Conditions. 
In  General  Order  No.  39,  a  more  specific  procedure  is  ontHned  than 
is  here  g^ven.  "While  the  general  intent  of  the  present  rule  is  the  same, 
more  latitude  is  piven,  with  the  requirement  that  operating  rules  shall 
be  developed  with  a  view  of  minimizing  the  disturbing  effects  upon 
parallel  communication  circuits. 

It  is  recognized  that  cases  will  arise  where  continuance  of  service 
over  a  faulty  power  circuit  may  be  of  greater  importance  than  tfae 
interruptjon  to  commnnieation  service  occaaraoed  thereby  and  exeeption 
is  made  accordingly  to  the  general  rule  that  fanlty  power  circoits  shall 
not  be  re-energized  for  operation  until  the  fault  is  remedied.  It  is,  of 
course,  contemplated  in  anch  cases,  that  the  fault  ^all  be  remedied  at 
the  first  opportnnity. 

The  necessity  is  evident  for  having  accurate  records  of  abnormal 
occurrences  and  the  switching  incident  thereto,  for  use  in  investigationB 
to  remedy  such  conditions. 


It  ia  provided  In  rule  IV  (6)  that  in  the  design  and  construction  of 
Class  H  power  lines^  consideration  shall  be  given  to  the  configuration 
of  such  lines  with  e,  view  to  minimizing  their  unbalances  and  their 
indnetive  effects  in  nei^boring  communication  circnits.  Configura- 
tioDs  differ  widely  with  respect  to  their  eharaoteristic  unbalances  and 
intensities  of  induction,  some  arrangementa,  particularly  of  twin  cir. 
enits,  giving  only  10  per  cent  or  less  of  the  unbalances  or  induction 
given  by  others.  In  many  cases,  at  little  or  no  additional  cost, 
interference  may  be  materially  lessened  from  what  it  otherwise  would 
be  by  giving  proper  consideration  to  this  matter. 

As  such  information  is  not  always  easily  available,  this  exhibit  has 
been  prepared  to  give  a  brief  summary  of  the  Joint  Committee'a 
technical  data  bearing  on  the  subject.  Doubtless  many  casee  will  arise 
which  will  be  beyond  the  scope  of  the  recommendations  made  in  this 
Bzhibit.  In  snch  cases  a  special  study  may  be  made.  Methods  for 
carrying  on  such  studies  are  described  in  the  Committee's  Technical 
Keports  which  are  referred  to  in  the  Exhibit 
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APPENDIX  I. 
INTERFERENCE  NOT  COVERED  BY  RECOMMENDED  RULES. 

BicpLAHATOBT  Note. — la  the  rules  recomiDeuded,  the  term  "communication  cir- 
cuit" ia  used  in  a  restricted  sense  as  defined  in  TI  (d)  and  llie  power  circnita  ta 
wbich  the  rules  apply  are  limited  to  those  defined  in  H  (a)  as  Class  H.  While 
thefle  iDclude  the  clicnits  most  commonlf  involved  in .  inductive  interference,  cases 
■omettmea  occui  nhere  eithei  the  power  circuit  causing  the  induction  of  the  iijrnal 
drcuit  affected  b7  induction  Is  ol  a  type  or  cbaracter  eicladed  onder  the  aliore 
dafinitioD*.  The  Oomuittee  hu  not  had  an  opportunity  to  make  a  special  study  <rf 
such  casea.  In  the  following  the  attempt  U  made  to  atate  the  governing  principlM 
involved,  for  the  asBlstance  of  tbe  Commission  in  considering  caaes  of  thia  chazacter. 

(o)  Mtemating  Current  BaUways. 

Altematicg  current  railway  trolley  circuits  as  now  generally 
operated  differ  radically  from  other  types  of  alternating  current  power 
circuits  in  that  one  side  of  the  former  is  grounded  throughout  so  that 
they  are  inherently  unbalanced,  and  moreover,  cannot  be  transposed. 
To  such  circuita  the  provisions  of  the  foregoing  rules  in  general  do  not 
apply,  and  are  not  ao  intended. 

Where  railway  circuits  of  this  character  are  operated,  it  is  necessBiy 
to  employ  special  measures  in  order  to  prevent  inductive  interference 
with  neighboring  communication  eireuita.  Other  than  separating  the 
two  claseea  of  lines  where  thia  is  practicable,  the  most  important  of  such 
measures  can  be  embodied  in  the  railway  conatnictioa  and  should  be 
included  in  the  design  of  the  electrification  after  a  comprehensive  stu<^ 
of  the  requirements  of  the  particular  case  by  the  parties  coneemed. 
Also,  the  communication  circuits,  if  metallic,  should  be  properly  trans- 
posed  and  otherwise  balanced  as  closely  as  practicable.  The  parties 
should  endeavor  to  agree  as  to  the  responsibilities  involved  and  as  to 
further  measures  to  be  adopted,  if  any  such  are  necessary.  In  the  event 
of  failure  so  to  agree  the  matter  should  be  referred  to  Uiia  Ckmuniasion. 

Nom. — This  Committee  baa  undertaken  no  investigation  of  cases  of  interference 
due  to  alternating-current  railwajH,  hut  ss  the  seriousness  of  the  inductive  etfecta  of 
■Dch  railways  is  recognized,  provision  Is  made  for  co-operation  when  such  cases  arise. 

(b)  Consttmt'Current  Lighting  Circuits. 
Care  should  be  taken  in  the  location,  design,  construction,  mainte- 
nance and  operation  of  constant-current  lighting  circuits  (both  direct- 
current  and  alternating-current)  to  avoid,  bo  far  as  practicable,  inductive 
interference  with  communication  circuits.  In  particular  every 
reasonaMe  effort  should  be  made  to  avoid  creating  new  conditions  whidi 
would  produce  such  interference,  especially  where  intereschange 
telephone  lines  are  affected.  In  cases  where  such  conditions  are 
unavoidable,  remedial  measures  should  be  employed  as  may  be  necessary. 
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the  details  of  which  should  be  agreed  upon  by  the  parties  concerned  in 
general  accordance  with  the  following  provisiona : 

1.  "Where  necessary,  the  two  sides  of  the  lighting  circuit  should  be 

run  on  one  pole  line  within  the  section  where  the  interference 
is  set  op  and  co-ordinated  systems  of  transpositions  applied 
to  the  lighting  and  telephone  circuits. 

2.  Preference  should  be  given  to  those  types  of  lamps  and  other 

equipment  which  do  not  introduce  high  frequency  components 
in  the  lighting  current.  The  use  of  incandescent  lamps 
instead  of  arc  lamps  is  usually  advantageous  in  this  respect. 

3.  I>ae  regard  shotUd  be  given  to  the  insulation  and  balance  of  both 

the  lighting  and  communication  circuits.  Balance  of  the 
lighting  circuit  re<)uires  equalization  of  the  voltages  to  ground 
of  the  two  sides  of  the  circuit  within  the  section  where  the 
two  circuits  are  in  proKimity.  This  necessitates  that  the  cir- 
cuit be  well  iosulated  and  in  genera!  that  the  lamps  be  similarly 
distributed  in  the  two  sides  of  the  circuit  with  equal  numbers 
of  lamps  in  the  two  sides  between  the  source  of  supply  and 
the  section  of  proximity. 

NoTB. — It  is  comnon  practice  In  city  ligbtiac  to  mn  sfnfle-wlre  drcDits  tlirough 
many  lamps  in  wries,  scattered  widri^,  iDstead  of  carrying  the  tetan  coadoctor  on 
the  mm*  line,  or  wEwre  (be  two  conducturs  are  on  the  same  line,  nithoat  balandDg 
their  voltages  to  xroond.  Both  ot  these  features  tend  to  create  residwla  and  to 
caoae  severe  inductive  effects  in  neigbboring  st^al  drcnita. 

ItshoDld  be  practicable,  by  care  in  laying  out  sneh  ligbting  circuits,  and  in  locating 
Importaat  t^epbone  lines,  anch  as  toll  lines  which  occupy  but  a  few  streets,  to  avoid 
dose  prorimitr  between  these  cinsses  of  circuits.  In  those  cases  where  proximity  Is 
unavoidable,  it  is  poasible,  by  running  both  sides  of  the. lighting  circuit  close  together 
on  tie  same  fine,  by  care  in  distributing  the  lamps  and  by  tranipoeing  the  elrenit 
within  Ihe  section  of  proximity,  greatly  to  reduce  the  residuals. 

A  considerable  difference  eiists  among  the  various  types  of  lamps  used  in  that  arc 
lamiK  introduce  large  harmonics  into  the  ligtting  circuit,  while  incandescent  lamps 
produce  no  appreciable  distortion. 

The  balancing  of  a  ligbting  circuit  can  be  accomptlebed  in  many  different  ways 
depMiding  upon  the  specific  conditions.     The  simplest  general  procedure  is  outlined 

(c)  Power  Circuits  of  Lower  Voltages. 
In  case  of  interference  with  the  operation  of  communication  circuits 
by  constant  potential  altemating-eurreut  circuits  of  voltage  lower  than 
the  limits  specified  in  the  definition  of  a  Clas  H  power  circuit,  the 
parties  concerned  should  agree  upon  remedial  measures  in  general 
al^cordance  with  the  rules  recommended  in  this  report  and  should 
co-operate  in  applying  such  measures  to  the  extent  that  may  be  neceSi- 
aaiy,  as  follows: 

1.  Where  practicable  at  reasonable  expense,  the  lines  should  be 

separated  suEBciently  to  avoid  interference. 

2.  Co-ordinated  systems  of  transpositions  shoold  be  applied  to  both 

classes  of  circuits  within  the  section  wb^e  the  interferenee  is 
•et  vp. 


■dovGoot^Ic 


72  INDUCnVB  INTEBPERBNCE, 

3.  If  practicable,  the  residual  voltage  and  cnrrent  of  the  power 

circuit  should  be  reduced. 

4.  Due  regard  shotdd  be  given  to  the  insulation  and  balance  of 

metallic  communication  circuits. 

5.  Ck)naideration  should  be  given  to  the  reduction  of  the  high- 

frequency  components  of  the  voltages  and  currents  of  the 
power  circuit. 

Note.— The  phyeical  principles  upOD  wbicb  tbe  rules  as  a  whole  are  based  apply 
in  case  of  power  circuits  of  all  voKageg,  the  differences  being  only  guantitative  Id 
respect  to  tbe  relative  impartauce  of  different  factors. 

(d)  Cables. 

In  case  of  inductive  interference  where  either  the  power  circuit  or 
the  communication  circuit  is  carried  in  cable,  consideration  should  be 
given  to  the  employment  of  such  remedial  measures,  included  in  tbe 
rules  recommended  or  otherwise  as  may  be  reasonably  applicable. 

In  such  cases,  particular  features  to  which  attention  should  be 
directed,  are:  (1)  limiting  the  residual  current  of  the  power  circuit, 
(2)  balancing  the  communication  circuits  if  they  are  metallic,  and  (3) 
transposing  the  communication  circuits,  if  they  are  metallic  and  in 
open  wire. 

Note.— Where  cables  are  used  for  either  power  or  cranmunication  circuits  within 
sections  where  these  two  clases  of  circuits  are  in  proximity,  there  is,  in  general,  far 
less  liability  of  interference,  and  man;  prorisioos  of  the  recommended  rules  ate 
inapplicable.  In  some  cases,  however,  residnai  curr«its  in  cabled  paver  circuits  may 
cause  interference  to  either  open-wire  or  cabled  communication  circuits,  and  oi>en- 
wlre  power  circuits  sometimes  cause  severe  disturbance  to  communication  circuits 
■rfalcb  are  in  cable. 

(e)  Telephone  Subscribers'  Circuits. 

In  ease  of  inductive  interference  by  any  electric  power  circuit  with 
metallic  telephone  subscribers'  circuits  (which  will  usually  occur  only 
when  the  latter  are  long  open-wire  surburban  loops)  the  parties  con- 
cerned should  agree  upon  a  plan  for  avoiding  the  interference  by 
removal  of  one  of  the  lines  or  for  mitigating  the  interference  by 
remedial  measures,  as  the  oifcumstanoes  may  require,  in  general 
accordance  with  tbe  recommended  rules. 

Note. — Telephone  circuits  falling  within  this  daas  are  tar  more  numerous  than 
those  included  under  Ihe  definition  of  communication  circuit — II  (rf).  Fortunately, 
Bobscribers'  telephone  cirenits  are  not  as  a  m!e  serionsly  eipoaed  to  the  influence  ol 
power  circuits  since  tbey  are  Benerallj  short  and  are  often  run  partly  in  cable.  When, 
however,  tbey  are  exposed,  the  disturbing  effects  are  relatively  more  severe  on  account 
of  the  closer  proximity  of  the  parnllel  to  the  subscriber's  station.  A  parallel  involv- 
ing a  subscriber's  circuit  does  not  affect  so  large  a  portion  of  the  public  as  a  parallel 
involving  an  interexchange  circuit  and  on  guch  a  basis  the  former  is  of  less  impoi^ 
tance.  However,  this  does  not  Justify  excludine  sach  circuits  from  all  protection 
against  Interference.  Consequently,  with  doe  regard  to  the  relative  Importance  of  the 
service  aSEected,  telephone  subscribers'  circuits  should  be  alEorded  such  protection  as 
is  necessary  in  general  accordance  with  the  principles  governine  the  protection  ol 
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(/)  Direct  Current  Circuits. 
In  cases  of  inductiye  interference  with  eommanication  drcuits  dae  to 
fonstant  potential  direct  current  eircQita,  oscally  occumn^  only  where 
gnranded  railway  trolley  circuits  and  telephone  circnita  are  is 
proximity,  adequate  remedial  measures  ahould  be  agreed  upon  and  put 
into  effect  bj  the  parties  coucerned.  Where  telephone  circuits  are 
involved,  in  addition  to  trMisposing  and  balancing  such  circuits,  special 
coDfflderation  should  be  given:  (1)  to  securing  generators  and  motors 
having  a  voltage  as  free  as  practicable  from  high-frequency  waves;  and 
(2)  to  the  use  of  special  devices  external  to  the  generators,  motors  and 
rectifiers  which  tend  to  absorb  the  high-frequency  currents  and  thereby 
prevent  their  appearance  in  the  line. 

Note. — High-frequency  components  may  occnr  la  constant-potential  dire«-cnrrait 
drcntta  and  occasionsDy  constitnte  a  source  at  interfemiM.  'n.\B  is  particnlarlr 
true  of  electrized  railway  circuits  wbidi  use  a  IsiKe  amoant  at  pover.  It  Is  there- 
fore provided  that  effort  be  made  to  secare  apparatus  as  free  as  possible  from  sacb 
hish-fr^acDC]'  components  aad  that  If  necessary,  suitable  shnnt  paths  be  provided  to 
cmfine  iIksc  high-frequency  components  to  locsl  circnits. 

Cff)  Ortar  CaiM  of  Interference. 
If  any  case  of  inductive  interfermce,  not  otherwise  covered  by  this 
report,  should  be  experienced  or  become  imminent,  the  parties  con- 
cerned should  endeavor  to  agree  upon  a  procedure  for  avoiding 
preferably,  or  if  avoidance  be  not  feasible,  for  mitigating  the  interfer- 
cnee  by  applying,  to  such  extent  as  may  be  necessary,  the  measures  set 
forth  in  this  report,  or  by  other  n 
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APPENDIX   11. 
LIST  OF  TECHNICAL  REPORTS. 


The  following  is  a  list  of  the  technical  reports  which  have  been 
prepared  in  connection  with  the  investigation  by  the  Joint  Committee  on 
inductive  Interference.  The  reports  recommended  for  publication  are 
indicated  by  an  asterisk  (•)  after  the  number. 


1*  General  outline  of  tests  to  be  made  at  Salinas  on  panillela  between  lines  ot  the 
Sierra  and  Sao  Francisco  Power  Compaaj,  the  Weitem  Union  Telegrapb 
Company,  the  Southern  Pacific  Company,  and  Tbe  Pacific  Teleplione  lUid 
Telegrapb  Company.      (6  pages.)     Dated  January  Q,  1913. 

2*  Summary  oC  results  of  teats  at  Morgan  Hill  on  parallel  lietween  lines  at  tb« 
Coast  Counties  Gas  and  Blectric  Company  and  The  Pacific  Telephone  and 
Telegraph  Company  between  Morsan  Bill  and  Oilroy.  (8  pages.)  Dated 
February  3,  1913. 

S*  A  description  of  the  noiae. standard  In  use  for  meaanring  noise  on  telephone 
circuits  in  terms  of  a  standard  nnit.  <8  pages,  1  dmwiAg.)  Dated  fftb- 
ruary  24,  1913. 

4*  A  description  of  the  inatrumenta  and  methods  used  for  the  measurement  of 
effective  Taluea  of  induced  voltages  and  carrenta.  (2  pages.)  Dated 
February  24,  1913. 

9*  A  description  of  apparalus  and  connections  used  in  meaanring  Una  and  reddual 
currents  and  voltages,  of  power  eiroiits.  (4  pages, '2  drawings.)  Dated 
February  24,  1913. 

6  Tests  of  tbe   effects  of  opening  the  secondary  delta  of  the  antotransformer  bank 

at  Salinaa.     <7  pages.)     Dated  March  31,  1913. 

7  Tests  of  tbe  induction  in  tbe  block  signalling  circuits  of  the  Southem  Pacific 

Company  paralleled  by  the  Salinas-King  City  circuit  of  tbe  Coast  Valleys 
Oas  and  Electric  Company.     (3  pages,  1  drawing.)     Dated  March  31,  1913. 

8  Tests  of  tbe  induction  in  tbe  telephone  circuits  of  exposure  No.  2  at  Salinaa 

under  nonnal  operating  conditions  of  tbe  power  system  with  particular 
reference  to  tbe  effects  of  grounding  and  Isolating  tbe  neutral  of  tbe  Salinas 
antotransformera.  (15  pages,  1  drawing.)  Dated  March  31,  1913. 
8  Experimental  determination  of  the  coefficients  of  induction  foi  residual  cur- 
rents and  voltages  in  exposure  No.  2  at  Salinas.  (4  pages.)  Dated  Mardi 
31,  1918. 

10  Measurements  of  tbe  harmonics  of  the  neutral  current  at  Salinas.     (3  pages, 

1  drawing.)      Dated  March  81,  1913. 

11  Investigation  of  current  transformers,  ratios  and  errors  due  to  tbe  use  of  cur- 

rent transformers  under  the  conditions  of  the  tests.  (17  pages,  4  drawings.) 
Dated  April  7,  1913. 

12  FormulR  for  the   computation   of  electrostatic  and   electromagnetic  Induction 

from  power  circuits  in  neighboring  communication  circuits.  (14  pagea,  4 
drawings.)      Dated  March  31,  1913. 

13.  An  investigation  of  errora  In  measurements  of  residual  voltage  due  to  the 
potential  transformers  used  and  a  discussion  of  the  method  ot  measurement 
at  Salinas.     (28  pagea,  2  drawings.)     Dated  September  3,   1913. 

14  Comparative  tes'ts  of  the  ooise  in  exposed  telephone  circuits  with  power  on  and 
oS  the  65.000-volt  power  circuit  of  the  Sierra  and  San  Frendaco  Power  Com- 
pany between  Qnadalupe  and  Salinaa.  ( 7  pages,  1  diawing . )  Dated 
April  SO,  1913. 
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15  BnnilaiMiitarT  to  Teobnical  Bcport  Nol  S,  diSevins  fiQiB  tke  twcUec  nport  in. 

tkat  die  telepbone  dicoha  wen  ahieldvd.  ConUina  a  difowioo  ol  trtui*- 
posltioaB.     {22  paKea.)     Dated  June  S,  ISIS. 

16  Testa  of  induction  in   telephone  (urcnita  espoaed  to  Um  Coa«t  Oooutiaa  Gu 

and  Electric  Compaur'a  22,000-volt  line  between  Morgan  Hill  u4  Oilioy 
with  tlie  power  drcoit  nntranopoaed  and  «p«A  at  QilNf.  <4  ySKes.) 
Dated  April  30,  1913. 

17  Tests  of  tbe  indoctioQ  in  telegbone  drcuita  exposed  to  tbe  Coaat  Countiea  Qas 

and  EUactric  CompaDj'B  22,000-volt  line  betw«ui  UiMvao  Hill  and  ailroy,. 
briore  and  after  injctalliug  powar^rcolt  txanaiHiaitiona.  (24  pag«a,  1  draw- 
ins.)  Itated  April  ao,  IdlS. 
18.  Tests  of  the  effect,  on  exposed  telephone  circuit*,  of  sroundini  oos  thaae  of 
tbe  Coast  Couatiea  Oas  and  Electdc  Oompany'i  22,00&-Talt  thme-phaae 
delta-CMmected  line.     (4  pases.)     Dattid  April  a).  1013. 

19  Testa  of  tbe  comt»ned  effect  «I  the  Ooaat  Countiea  €aa  and  EUactrlc  Coiniwny's 

and  tbe  Sierra  and  Ban  FraBClaco  Powee  Ounpaar'a  cinmito  <m.  Um  tela- 
pbooe  dicnita  in  tlie  ezponm  between  Moican  Hill  and  Oilroy.  (i  paces.) 
Dated  April  30,  1913. 

20  Teats  of  the  eEEact  on  tbe  reBtdnal  voltaec  of  trsMOOslns  tbe  Coast  Conntias 

Oaa  and  Blectric  Corapan;'s  22;000-volt  line  within  the  eKpesuee  twtweeo 
Morgan  Hill  and  GLlror-     (S  pages.)     Dated  April  80,  1913. 

21  Tests  to  determine  tbe  cooipaiaiive  effeet  oa  tbe  noiae  in  tba  exposed  telcvhooe 

circnits  of  bavinc  tbe  power  on  and  off  tlie  Cutue  Ooonttea  Qas  and  Electric 
Company's  22,000-TDlt  line  betwces  Motgnk  Hill  and  Qilioy,  and  tbe  effect 
ttt  abielding  tbe  tdepbane  circuit  ander  test  by  froanduDC  «ther  oiienits  oa 
the  lead.     <4  pages.)      Dated  April  80,  1918. 

22  Oompiitation  of  the  coeffidents  of  iodnctlon  from  balanced  and  nsjdiial  eurreuta 

and  voltages  for  the  telephone  circuits  of  espoauie  No.  2  at  Salinaa.  <1S 
pages,  4  diawinga.)     Dated  Jnu  8,  1913. 

23  Experimental  detemuDHtlMi  of  tbe  eoeffieieats  of  tndactitak  Ima  residnal  cnr- 

renls  and  roltagea,  far  tbe  teleidiOBe  dtcaita  at  expoaoie  No.  2  at  Salinaa-— 
Bore  complete  than  Teobnical  Report  No.  B.  [23  patw,  1  diawias.)  Dated 
Jnne  3,  1913. 

24  Comparison  ai  coavntations  of  Technical  Report  No.  22  with  experimaDtHl  data 

of  Te<^ical  Itepert  No-  23.  (10  pages,  S  drnwings.)  Dated  September  3, 
IBia 

S  Tests  of  induction  in  telenAone  dtcnits  In  exposure  between  Balinas, and.  King 
Clt;  under  nonnal  operating  conditioas,  with  tlie  nentral  of  the  Salinas 
autotraneformers  grounded  and  isolBted.     (20  pages.)     Dated  Jnae  3,  1913. 

36  Tests  of  aocuniey  of  mea^uremeDt  of  residual  current  by  certain  evrreat 
txansforaera.     (S  pi«<B,  1  drawing.)      Dated  Jnne  3,  1918. 

2T  Tests  of  induction  in  telephone  circuits  In  eq>oaure  Ho.  2  at  SaJinas  with  the 
Nortb  Beach  iteun  atBtion  snetKiziug  the  Sierra  and  San  Franciwo  Fowei 
Company's  line.  8un>lementary  to  Xedutioal  Beports  Nes.  8  and  IG,  dif- 
fering in  tbe  aottiGes  of  Mwply  at  tbs  pcnver  .system.  (21  pagtB.)  Dated 
Jnly  14,  1913. 

28  Supplementary  to  Teelmiaal  BcportD  Nos.  8  and  W.  Voltage  lowered  S  per 
cent  at  tbe  Guadalupe  autotransformers  .whidi  supply  the  power  circuit. 
420  pagOL)     Dated  September  8,  1918. 

39*  Determination  of  impedances  ot  linea,  by  etvnpHtatiana  and  by  measnrementB — 
unmeroos  curve  sheets  and  tables.  (26  pages,  30  dranrioss.)  Da.ted  May 
4, 1M4. 

30  Terts  of  induction  in  tel^one  eircuiis  in  Mpesure  Nos^  1  snd  2  at  Sslinas, 
with  tbe  neutral  of  tbe  Salinas  transformers  grounded' BBd  .Isolated.  (10 
pages.)      Dated  Septembers,  1913. 
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31  SoppleineiitBtT    to    Technlcftl    B«partg    Vam.    8    and    IS    and    hko*    owaplete. 

iDclvdes  teMs  wtth  Saliaaa  nentral  gronaded  and  isolated  and  with  teleplioii* 
circuiU  aliielded  and  unihleldad.     (29  iMiges.)     Dated  September  2,  1913. 

32  Bapplementai?   to  Technical  Report  No.  2S.      (22  pages.)     Dated  BepDembtr 

s,  leis. 

33  InductloB  in  teat  lesda  used  at  Salinaa  for  connectiDg  testing  ^paiatoa  to  the 

clrcaits  of  exposure  No.  2,  and  the  effect  of  such  on  the  meaanmnents  of 
the  IndDCdon  from  the  ^[poeare.     (20  pages.)     Dated  September  3, 1918. 

34  EHFed  of  chaugea  in  the  laaalatlMi  realsta&ce  of  tiie  tclepbone  lino  on  the 

IndocUon  in  telephfme  dicnita  of  exposure  No.  2  at  Salinas.  Also  aapple- 
meattt  Technical  Reports  Noe.  8,  15,  and  31.  (22  pagea,  2  dntwlnga.) 
Dated  September  3,  1913. 
36  General  outline  ot  testa  to  be  made  at  Santa  Cnw  i»  the  parallel  between  lines 
of  the  Coast  Connttee  Gaa  and  ESectrie  Oompan;  and  The  Padfle  Telephone 
and  Telegraph  Company.      (4  pages.)     Dated  Inly  14,  1913. 

36  Induction  in  telegraph  circuits  of  the  Western  Union  Telegraph  Companj  and 

the  Southern  Padflc  Company  in  ezposnre  No.  1  between  Balinas  and  San 
Joae.      (8  pagea.)     Dated  Beptembei  3,  1913. 

37  Netse  tests  on  telephone  circuits  radiating  from  Salinas,  with,  the  oentral  ot 

the    Salinas    autotraosformera    grounded    and    Isolated.     (4    pages.)     Dated 
September  3,  1913. 
38*    General  review  of  teats  at  Sallnaa.    Sommaricing  reports  1,  6,  7,  8,  9,  10,  11, 
12,  13,  14,  16,  22,  28,  24,  25,  26,  27,  28,  80,  81,  82,  83,  84,  30,  37.     (S8 
pages,  1  drawing.  >     Dated  October  18,  1918. 

38  General    conrideratlou    ot   transpositions   and    a   study   at   the    rcBDlta    to   be 

expected  from  the  application  of  rtrious  transposition  Bchemea  to  ttie  Santa 
Cnw-WatsMiville  exposure.  (20  pages,  K  drawings.)  Dated  December' 18, 
1918. 

40*  Method  of  measurement  of  cHpaeitance  and  conductance  nnbalMieea.  (1 
page,  1  drawitig.)      Dated  I>ecember  16,  19ia 

41*  Harmonic  analysla  of  alternating  coTiYat  waves  by  oedllograph  and  tesonant 
abvni.  ComparlaMi  of  the  methods.  (27  {lagee,  3  dtawliwi.)  Dated  Maidi 
10,  1914. 

ti*  Investlgstian  of  the  corrent  traDSformerB  In  use  at  Santa  Ci«e,  to  determine 
their  ratios  of  transformation  and  suitaUlIty  for  residual  cnmnt  measure- 
ments.     (29  pages,  6  drawings.)     Dated  January  26,  1914. 

48  Outline  of  teste  to  determtne  the  effect  of  eKtraneoas  current  on  the  intd- 
llglbility  of  telephone  eonveraation.  (7  pages,  1  drawii^.)  Dated  Uarch  10, 
1914. 

44  Induction  in  the  telephone  circuits  of  the  Santa  Gras-WatacmTlIle  expoenre 

and  in  the  test  leads,  from  sources  other  than  the  22,000.rolt  Un^  (12 
pages.)     Dated  Bfarch  10,  1914. 

45  InducdoD  in   the   telephone  circuits  of  the  Santa  Crnc-WatsanTllle  exposure 

under  commercial  operatiag  conditions,  with  the  original  transpositions  in 
both  power  and  teleidione  llne»     (16  pagte.)     Dated  March  16, 1914. 

46  Supplementary  to  Teebnical  Report  No.  38.     A  study  of  additional  transposl- 

Uoa  schemes  for  the  Santa  Oui-WatsonTille  exposure.  (12  pagea,  2  draw- 
ings.)    Dated  May  4,  1914. 

47  Computation  of  the  coefficients  of  Indnctlon  for  bataoced  and  residual  cnrrMita 

and  Toltagea  for  tlM  Santa  Cms-Watsonrllle  exposures.  (13  pages,  2  draw- 
ings.)     Dated  Hay  4,  1914. 

48  Experimental    determination    of  coefficients  of   Indnctlon   In   the  Shnta   Cms- 

WatsoDTille  exposure,  with  the  «rlginal  nanspositiana.  (43  pages.)  Dated 
May  4, 1914. 


■dovGooi^Ic 


nNAI.  RBPCWT. 


49      i'mrther  experimental   dctemunadtHi  of  ooeffioenta  of  mdvetioo   for  bclanced 
TolEa^M,  in   the  Santa.  Cniz>WatHoiiTtlle  expouiret  with  the  otitiiial  trani- 
pOBitionM.      (18  pages.)     Dated  May  4,  1914. 
00*    Study  ot  the  influence  ol  varloni  traDsformer  eoii>«^ODB  asd  fiox  douities  on 

the  third  bannonic  and  ita  maltlplee  in  a  three-phaae  drcnit.     (18  paiea,  2 

dnwingi.)      Dated  Octiibti  9,  1914. 
R*    RTaHiiBl   ToHase   due  to   the  line   imbalanee  of  power  circaiita  iac^ted  frtan 

gTonnd.     Effect  of  ciicait  configaratiun  tranapoailioiu  aiid  fnqnenc?.     (69 

pacea,  88  drawiaga.)     Dated  September  80,  191a 
_*    Memorasdnm  snpplemeuting  Techuit&l   Report  No.  SI.     (2  pagea.)     Dated 

Februar?  28,  1917. 
^*    Uemonwdom  sapideiBeatiag  Technical  Bep^t  No.  SL     (2  pages,  1  drairiiig.) 

Dated  Jnl;  16,  1917. 
SS*    Residuals  produced  by  a  ground  on   one  phase  of  a  nonnally  isolated  three- 

pfaase  system.     (28  pages,  2  dranrings.)     Dated  July  28,  1915, 
..*    Uemorandom   snppletDantlDg   Technical    Keport   No.   S2.     (4   paces.)     Dated 

July  8,  1917. 
58      Inrestlgatioa  of  current  transfoimers — 8an  Fernanda.     (7  paces,  1  tfrawiuf.) 

Dattd  July  29,  191D. 
H*     San   Femando-Somia  paTallel.     Erperinoital  determination  of  eoefflclenta  of 

longitndinal  Induction  at  60  trdea.     Effect  of  transpositions  In  power  cir- 
cuit*.    (SO  pages.)     Dated  October  1,  19IS. 
S9*     Experimental    determination    of    coefficients   of   induction   from   residuals   at 

telephonic    frEqaencie»— -E^ct    of    admittance    unbalance.     San    Femando- 

Somls  parallel.     (26  pages,  6  drawingB;)     Dated  Jianuary  T,  1916. 
B6*    Detennination    of  coefficients  of  indnctim  In  a  lAort  section   of  the   San 

Femando-Bomts  parallel.    Measurements  and  Computations,     fiflfect  of  tele- 
phone tranapositions.     (41  pages,  6  drawings.)     Dated  Pebmary  10,  1910. 
57      Detennination  of  coefficients  of   transrerse  induction   from  reaidnala  at  tele- 
phonic frequencies  in  a  short  section  of  the  Sen  Femando-Soniis  parallel. 

(8  pages,  3  drawinga)     Dated  Febmary  14,  1916. 
S8*    InTeaticatioD   of  potential  transformers  for  reaidnal   voltage  measurements. 

(42  pages,  4  drawings.)     Dated  April  14,  1916. 
89*    Relation  of  triple  harmonic  residuals  in  a  transmission  line  to  the  magnetic 

dennty  in  connected  transformer  banks.     Effect  of  the  line  duTmcteristlca. 

(61  pages,  14  drawings.)     Dated  September  6,  1016. 
80*    Triple-haimonic  lealdnaie  as  affected  by  certain   types  of  three-phase  star 

cooitectiou  of  transformers.     (24  pages,  4  drawings. }     Dated  July  26,  1916. 
n*     Measurements  of  reddual  voltages  and  currents  of  several  transmission  systems. 

{29  pages,  1  drawing.)     Dated  July  28,  1816. 
82*     Donbie-freqnency  voltages  and  currents  in  a  three-phaae  tranamisaion  line.     (13 

pages.  1  drawing.)     Dated  March  18,  1916. 
03*     Standard   forms   for   recording   data   and   computations.     (22   pages.)     Dated 

March  8,  1916. 
64*    Computation  of  induction  between  parallel  power  and  communication  drcults. 

(46  pages,  1  drawing.)     Dated  August  4,  19ia 
9S^     Ooefficients  of  induction  for  communication  circuits  paralleled  by  three-phase 

power   elicnits.     Variation   with   relative   position   and    configuration.     (54 

pogea,  214  drawings,  92  tables.)     Dated  Jannai?  6,  1917. 
86*     Co-ordination  of  transposition  systems  for  power  and  telephone  circuits.     (63 

pages,  18 'drawings.)     Dated  Jannaiy  6,  1917. 
07*    Kotes  on  the  transposition  of  power  drcalts,  and  private  telephone  circuits.     (9 

pages,  8  drawings.)     Dated  August  14,  1917. 
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68*    Effect  of  protectiTc  KTOund  wiret  of  power  lines  mi  indoctioD  tn  parallel 

cotDmuniOitioD  circuit!.     (7  pasea.  1  dravtes.)     Dated  Jane  28.  1917. 
69*    Belation  of  curreDte  in  tennlnaJ  a^ianttni  of  telegraph  circuits  to  induced 

Toltagee  and  location  of  parallel.     (S  page*,  2  dnwlnga.)     Dated  la\j  IQ, 

1M.7. 
70*     The   relative   importance   of   tbe   volt-mile    (electric   indoctloii)    and   the   volt 

(nBgnetJc  Induction)    In  causing  int^erence  with  telephone  circuit!.     (10 
■    pagee,  1  dianlDg.)     Dated  August  17,  1917. 
71*    TIm  influence  of  wave-form  on.  the  detrimeDtal  effect  of  induction.     <11  pagea, 
I     IdrawiDg.)    Dat«d'Aagu«  10, 1917. 

The  following  reports,  technical  in  character,  were  prepared  at  the 
requejst  of  the  Joint  Committee,  but  outside  of  its  oi^anization : 

Teats  to  detennine  the  effect  of  extr&neDoe  current  of  single  freauency  on  the 
latelilgibilltf  of  a  t^ephone  conversation.     <13  pagee,  14  dravrings.)     Dftt«d 
December  22,   1914.     laboratory   inveitigation   by  Engineering  Department 
;    .    v   ,  of  'American  Telephone  and  Telegraph  Company. 

Testa  to  determine  the  effect  of  extraoeouB  siu^  frequency  current  cm  tele- 

..       graph  transmiaiion.     ^40  pages,  29  drawlngB.)     Da.ted  September  14,  1016. 

Joint  Uboratory  inveitigation  by  engineere  of  the  Western  Union  Telegraph 

Company,  the  Postal  Telegiaph-Cable  Company  and  the  American  Telephone 

.     .'   .   sAi)  IJelegrapfa  Company.  .. 

.Xh*   development  of    balance   of   telejdiane   circuits.    Practice   of-  telephone 

coinpani^.in  balsncing  their  lines  and  apparatus  as  a  mesns  of  reducing 

,     .    ..   lioduction  from. foreign  circuits  and  other  telephone  circuits.     (61  pacea<  20 

,  dravrings.)     Dat^  June  15,  19X5.    Submitted  by  A.  £L  Oriswold  on  behalf 

of  the  talmihone  internal*. 
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APPENDIX  III. 

COMMENTS  ON  THE  REPORT  OP  JULY  7,  1914,  BY  THE  JOINT  COM- 
MITTEE ON  INDUCTIVE  INTERFERENCE  TO  THE  RAILROAD 
COMMtftSION  OF  THE  STATE  OF  CALIFORNIA. 

The  investigations  conducted  since  the  issu&nce  of  the  preliminary 
report  in  1914  have  greatly  extended  the  detailed  knowledge  of  the 
Tirions  factors  affecting  inductive  interference,  and  have  disclosed  a 
few  misstatements  in  the  former  report.  The  new  matter  is  contained 
in  Technical  Reports  Nos.  51  #.,  listed  in  Appendix  II.  The  purpose  of 
this  appendix  is  to  comment  on  certain  statements  of  the  preliminary 
report  and  to  correct  misstatements. 

In  Appendix  I  of  the  former  report  in  the  next  to  the  last  paragraph 
(on  page  21)",  investigations  are  mentioned,  to  be  conducted  by  the 
American  Telephone  and  Telegraph  Company,  Western  Union  Tele- 
gnph  Company  and  Postal  Telegraph-Cable  Company.  The  reports 
npon  these  investigations  have  been  received  and  are  listed  in  Appendix 
n  of  the  present  report. 

In  Appendix  II  of  the  former  report  under  "3.  Means  for  Preventing 
or  Reducing  Residual  Voltages  and  Currents" — ^fifth  paragraph,  line  5, 
ff  (beginning  in  the  sixth  line  from  the  bottom  of  page  28}*  it  is  stated 
Hiat  "With  a  horizontal  arrangement  of  conductors,  the  capacities  to 
ground  are  more  nearly  equal  than  with  the  triangular  or  vertical 
arrangement."  As  shown  in  Technical  Report  No,  51  (see  also  the 
exhibit  of  Part  III  of  this  report),  the  fact  is  that  lines  having  their 
conductors  in  a  plane,  vertical  or  horizontal,  present  the  worst  nnbal- 
anees  of  capacitances  to  ground  experienced  with  ordinaiy  configura- 
tiona.  Briefly,  the  triangular  configuration  is  in  general  the  best 
balanced;  vertical  and  symmetrical  horizontal  configurations  are  very 
nearly  alike  with  much  greater  nnbalances  than  the  triangular,  and  a 
little  better  than  the  unsymmetrical  horizontal,  which  is  the  worst. 

With  respect  to  the  remainder  of  the  same  paragraph,  investigation 
has  shown  that  the  "electrostatic  capacities"  are  "the  controlling 
factors  in  determining  the  residual  voltage  and  current  of  an  isolated 
system  nnder  normal  operation"  with  proper  insulation;  and  that 
"properly  spaced  tranapMitions "  are  "substantially  effective,"  thus 
eonflnning  the  statements  previously  made. 

It  should  he  noted  that  with  a  grounded  neutral  (see  second  para- 
graph of  page  29)  a  residual  current  exists  corresponding  to  the  residual 
voltage  of  the  isolated  system,  and  is  similarly  controllable  by  transposi- 
tiona.     This  matter  is  discussed  in  Technical  Report  No.  51. 

In  Appendix  UI  of  the  former  report,  under  "1.  Effect  of  Trans- 
podtions  in  Reducing  Induction,"  fourth  paragraph,  the  words  "series 
impedance"  should  be  added  before  the  word  "capacity"  in  line  10 
fthe  11th  line  from  bottom  of  page  32),*  so  the  sentence  will  read 
"The  voltage  induced  along  the  conductors  of  the  telephone  circuit  and 
the  induced  voltage  to  ground  would  be  present  but  would  not  be 

*  Page  rpferencea  are  to  edition  o(  report  publtohed  by  the  California  State  Prlntlnc 
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effective  in  producing  any  voltage  between  the  conductors  of  the  tele- 
phone circuit,  provided  the  series  impedance,  capacity  and  leakage  to 
ground  of  each  side  of  the  telephone  circuit  were  equal." 

In  the  same  Appendix,  in  the  next  to  the  last  paragraph  of  "1. 
Effect  of  Transpositions  in  Reducing  Induction"  (page  83)*  the  -word 
"not"  was  omitted  after  "can."  The  first  sentence  should  read  "If 
the  communication  circuit  has  a  ground  return,  it  can  not  be  trans- 
posed and  the  power  circuit  transpositions  alone  (referring  to 
transpositions)  will  be  effective  in  reducing  interference  arising  from 
balanced  currents  and  voltages." 

With  the  foregoing  changes,  the  discussion  given  in  the  preliminavy 
report  is  considered  correct,  though  much  more  complete  discussions  of 
various  of  its  topics  are  to  be  found  in  the  Technical  Reports. 

'Page  references  are  to  edition  of  report  publl^ed  by  the  Cailfornia  State  Printing 
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APPENDIX  IV. 

BIBLIOGRAPHY. 

In  the  cOTirse  of  its  investigation  the  Committee  has  eoltected  nnmer- 
ans  references  to  the  pabliBfaed  fiteratnre  of  sabjecta  related  to  its  work. 
A  list  of  such  references  which  deal  directly  with  inductive  interference 
ia  given  below  for  the  benefit  of  those  interested  in  farther  stady. 

Man;  discussions  on  related  subjects,  such  as  transformer  connections 
and  design,  switches  and  switching,  protective  devices,  wave-form  of 
electrical  power  apparatus,  line  construe tion,  telephone  apparatus,  etc., 
may  be  found  in  textbooks,  proceedings  of  societies  and  periodicals. 
No  attempt  has  been  made  to  include  such  references  here. 

It  will,  of  coarse,  be  nndca'stood  that  the  Committee  in  no  way 
expresses  opinion  respecting  Btatements  made  in  the  discuBsions  listed, 
by  referring  to  them  here. 

A  list  of  references  concerning  the  effect  of  transformers  on  the 
wave-form  of  currents  and  voltages,  as  inSnenced  by  magnetic  satura- 
tion, is  given  in  Technical  Report  No.  59;  and  a  list  of  references  on 
the  computation  of  electric  induction  in  Technical  Beport  No.  64. 

Inductive  intarf*r«nca — Qanarsl. 

IndDCtive  Disturbancei  in  Telephone  Circaita.    1.  3.  Carty.    Ttau*    A.  I.  G.  B. 

ToL  8,  p.  114.  1891. 
Some  Telephone  DiBturbanc^a  from  Electrical  G«Deraton.     George  D,  Sbepardsoii. 

Trana.  A.  I.  B.  E.    Vol.  15,  p.  443,  1S98. 
TraDapoaitioQ  nod  Relative  Iiocation  of  Power  and  Telephoae  "Wires.    P.  iS..  LId- 

coin.    Trana.  A.  I.  E.  E.  Vol.  21,  p.  24S,  April,  lOOS. 
TmupositioD  of  Electrical  Couducbin.     F.  F.  Fowle.     Trana.  A.  I.  E.  E.  Vol.  23, 

p.  6S8,  IQM. 
Protection  at  Telephone  «jid  Telegraph  Uses  near  High  Tendon  IJDea.    H.  E. 

Cbetwood,  Jr.  Electrical  World  and  Engineer,  Uay  21,  19M. 
The   InBueuce   of   High   Tension    Condoctora   on   Telephone   Line*.     F.    Schrottke. 

Elek.   Zeit,  April  10,  1907. 
IndnctiTe   Disturbances  to  Telephone   Unea.     Ii.  Cohen.     Trana.  A.  I.  E.   E.  Vol. 

2«.  p.  11R5.  May,  1907. 
EiFecta  of  High  Tenaion  Power  TranamissiDn  Upon  Telephone  linea.     O.   Biauna. 

Blek.  Zeit.,  April  9,  1906. 
IndnetiTe   Interference   with   Telephone   Circuits   In   Proilniitr   to   High   Potential 

Tnosmiasion  Unea.     Electric  Review.     New  Tork.     June  13,  1908. 
Indnctive   Diatorbancea.     UiratKlI.     Jonrual   Telegrapbiqtie   de  Berne.     Auguat  26, 

iwe. 

Tel^rapb  and  Telephone  Syatema  as  Affected  b;  Alteraatiog  Current  lines.    3.  6. 

Taylor.     Trana.  A.  I,  B.  B.  Vol.  28,  p.  1160,  1909. 
Indnctive  Effects  on  Telephone  and  Telegraph  of  High  Tension  System  of  Rhenish 

Prussia.     Arcti-  Poat  &  Tel.  Novetnber,  1909.     Science  abstracts  "B."     January 

31,  1910. 
Telephone  Line  Protection  from  High  Tenaion  Transminlon  Lines.    R.  W.  Kransa. 

gib.  Journal  of  Engineering.     December,  1909. 
Inductive    Diaturbancea.    Ualler.    Journal    Telegrapbigoe    de    Berne.    March    29, 

19J0. 
Telephooe    Diatarbances    from    Earthed    Three-Phase    Systems.     E.    Von    HoTstein 

BatUon.     Elek.  Zeit.     June  23,  1910. 
Inflnenee  of  High  Tension  Installations  on  Telegraph  and  Telephone  Inatallatlona. 

Electric  Review,  New  Torlt.     June  30.  1910. 
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iBterfercDce  Between  EDergy  TraDBmisBion  Lines.     London  Hlectriciaa,  October  28, 

1910. 
A  Method  of  PreTODting  Inductive  Tnjubles  in  Telegraphy.     G.  Oironue.     GonpteB 

Rendus,  July  10,  1911. 
Influence  ot  Heavy  Current  lines  on  Light  Current  lAaee  and  Apparatus.    Karl 

Hobage.    Elek.  Zeit.,  December  2S,  1011. 
Xhe  .Maintenance  of  Telegraph  Lines.    C.  M.  Yorte.    Telepbone  and  Telegraph 

Ag«,  1B12. 
Inductive  Disturbance  on  Telephone  Lines.     B.  Smith.     Telephone  Engineer,  Jan- 
uary, 1912. 
Interference    between    Transmission    Lines    and    Teleeraph    and   Telephone    Llnei. 

Electrical  World,  February  24,  1912. 
Protection    of    Low    Tension    Lines    Against   High   Tension    lines.     H.    Qiiuasse. 

Bull.  Soc.  Int.  Blectridens,  June  12,  1912. 
Relation  of  Transmission  Lines  to  Telephone  and  l^egraph  lines.     H.'B.  Qsar. 

Electric  Review  and  Western  Electdcian,  rebroary  8,  1913. 
EMstarbaiioe  of  Telephone  Circuits  Due  to  3-Phftse  Transmission  lines.    O.  Braona, 

Elek.  ZeiL,  February  13,  1913. 
Telephone  Disturbaiices  from  Three-Phase  Lines.    O.  Brauna.    Electrical  World, 

Febroary  22,  1913. 
Disturbance  to  Telephone  ClTcnits  from  Power  Lines  with  and  without  Qrounding  of 

the  Generator  Neutral  Points.  .  Elek.  Zeit.,  May  22,  1913. 
Inductive  Disturbances  as  Affecting  Telephone  and  Telegraph  lines.    P.  J.' Howe. 

Electrical  World,  May  81,  1913. 
Interference    with   Power    and    Telephone    Lines.     Electric    Review    and    Western 

Electrician,  June  28,  19131 
Induptlve  Effects  of  Traveling  Waves  on  Telephone  Lines.    E.  W.  Wagner.    Blek. 

Zeit.,  June  4,  1914. 
Investigation   of   Inductive   Interference,    F.    E.   PemoL    Journal  ot  Electriclt]', 

Power  and  Gas,  June  2T,  1914. 
Neutralization  ot  fndnctive  Interference.     Journal  of  Blectricity,  Power  and  Gaa, 

November  21,  1614. 
Telephone  Traosmission    in    its   Relation    to   High  Tension    Distribution.    JS.    S. 

Moorer.     The  London  Electrician,  November  27,  1914. 
The  Successful  Operation  of  a  Telephone  System  Paralleling  a  High  Tension  Trans- 
mission line.     C.  E.  Bennett.     General  Electric  Review,  December,  1914, 
Power   Circuit    Induction    with   Telegraph    and   Telephone.    S.   C.    Bartholomew. 

London  Electrician,  January  29,  1915. 
Power  Circuit  Interference  with  Telephone  linesi     S.  C,  Bartholomew.     Telephone 

Engineer,  April,'  1915. 
The   Inductive  Effects  of  a  140,000  Volt ,  Transmission  Line.     R.  D.  Parker.     The 

Michigan  Technlc,  October,  1915. 
Inductive  Interference  Between  Power  Transmission  Circuits  and  Telephone  liaes. 

Trans.  A.  I.  E.  E.  Vol.  31,  p.  2113,  1915. 
Bow   a   Transmission   Company   Prevented   Telephone   Troubles.     F.   E.    Gillespie. 

Electrical  World,  December  11,  1915.. 
pesirability  of  Transpositions  in  Power  Lines.     N.  E.  L.  A.  Bulletin,  April,  1916. 
Some  Problems  ot  Inductive  Interference.     A.  H.  Griswold,  L.  P.  Ferris  and  B.  W. 

Mastick.     Journal  ot  Electricity,   Power  and  Gas,  April   15,  1916.     Telephone 

Engineer,  May.  1918. 
Causes  of  Telephone  Noise  and  Its  Elimination.     Electrical  World,  June  17,  1916. 
Serving  and  Safeguarding  the  Public.    F.  C  Dunbar,    Ohio  N.  E.  L.  A.  Monthly, 

July,  1916. 
Inductive  Interference  as  a  Practical  Problem.    A.  H.  Griswold  and  R.  W.  Mastick. 

Trans.  A.  I.  E.  E.,  Vol.  35,  p.  1051,  1918. 
Eliminating  Transmission  Line  Telephone  Troubles.    E.  P.  Peck.    Electrical  World, 

September  9,  1916. 
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lattrfeNiiM  Between  Electric  Circuits.    Electrical  World,  December  23,  1916. 
Tnnamlaaioii  Unes  Interference.     L.  E.  Bnrtz.     Telepbon;,  December  23,  1916. 
Indvetive    Interferenee — Report   ef   Cammlttee    od    OveThead   Linea   aed    Inductive 
Interference.      14.  E.  I^  A.,  June,  1917. 

Intwfarefioe  from   alBctrio  railways 

NentrslisinB  Inductive  DuturtWDcea  in  Talegrairii  Unea  Due  to  Slngle-PbaBe  Cur- 
rents.    Western  B:)ectriciBn,  March  21,  1908. 

IndnctiTe  Interlereaee  from  8ing1e-E%Eue  -Railway  Girculta.  American  Tdephone 
Journal,  Jane  27,  1908. 

Oiercomlnc  Diatnrbancea  of  Tdegnaph  Working  Caused  by  Electrical  traction 
Sjstem.  G.  MirabelL  Poet  Office  Electrical  EDgineerlnK  Journal,  January, 
1909. 

rhatnrbanceB  in  Telepboae  Lines  from  Alternating  Current  RaUwaya.  Ci  Stein. 
Elek.  ZeiL,  Angoat  IN  1912. 

Telephone  XMataibanees  on  Electrical  Ratlwa;  Linec.  F.  HarpKne.  Hlek.  Zeit., 
November  21,  1912. 

lliiumulne  Induction  from  Single-Pbaae  I^ilwaya.     Electrical  Wcsrld,  May  t.  1914. 

IndnctiTe  Interference  With  Railway  Lines.    London  Electrician,  lanoary  29, 191B. 

Influence  of  Alternating  Cnrrent  Railway  IJnea  on  T«lepbone  t^nea.  Telepbone 
Engineer,  November.  191S. 

Kngle-Phaae  Traction  and  Feeble  Onrrtnt  Unea.  O.  GlroDS^.  La  Lnmiera 
Electriqae,  November  29,  1916. 

Publ!«atiana  by  tha  Joint  Commrttaa  on'  induotiva  Intarfaranc*. 

IndDCttve  Interference  by  High  Tension  lines.     Journal  ot  Electricity,  Power  and  ■_■■ 

Gas,  J.anuary  25,  1913. 
Pmpoaed   Investigation   for   Inductive   Int^erence.     Journal   of   lilectridty.  Power 

and  Gas,  Marcb  15.  1918.    Westem  Bhgineering,  April,  1913.. 
Genefal   Progreas   Report   of  Comniitfee  :on   Inductive   laterTertnce.    Jonmil   of 
Electricity,  Power  and  Gas,  October '4,  1913.    Western  Emineeriqg,  iNovem- 
btf ,  1913. 
OaaenI  Froi^ess  Report  of  Joint  Commit)^  on  Indnotive -InterfeTence,    Joamal  of 
Electricity,  Power  and  Gas,  January  tl,  lSl4,  Western  Bngifeeriog,  February, 
1914. 
Report  by  the  Joint  Committee  on  Enductire  IntetCerence  tb  the  Stallroad  Commia- ; 
■ion  of  the  Stale  of  Califoinla.     Jnly  t,  1914.     Publiahed  by  the  California- Rail- 
road CimunliBimi.    Trans.  A.  I.  E:  E.  Vol.  33,  p.  1441,  1914.    Jodnml  of 
Electricity,  Power  and  Gas,  September  12,  1914. 
DiKnssion  of  Irregular  Wave  Form.     Traaa.  A.  I.  B.  E.  Tci.  34,  p.  1171,  191S. 
Pmcrese  Report.    Trana,  A.  I.  E.  E.  Vol.  34,  p.  2113.  1915.    Jouinal  of  Elacfridty, 

Power  and  Qas,  September  26,  191S. 
CNtcnaaion    of    "Characteristics    ot    Admittance    Type    of   Wave^oi^n    Standard." 
BeddL     Trans.  A,   I.  E.  B.  Vol.  85,  p.  ITIl,  1916. 

6lata  PubUo  Utility  Commtsaions. 

Cslifoinia,  General  Order  No.  39,  August  SO,  1914.     Conatmction  and  Opei^Uon  of 

Powar  and  Communication  Circuits  which  are  or  are  proposed  to  be  so  located 

aa  to  create  a  parallel. 
Otinoia,  Ganeral  Order  No.  30,  October  12. 1916.     Overhead  Electrical  ConatTUCtion. 
Iowa,   Decision    and    Order,   December   34    1916.     Electrical    Interference   between 

transmission,  telephone  and  telegraph  llnea 
AmzviATloNB  : 

A.  I.  E.  B. — American  Institute  of  Blectrical  Engineets. 

K  B.  L.  A. — National  Electrfc  Light  Anodation. 

Elek.  Zeit. — Blektrotechniscbe  Zeitichrift. 
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OENEBAL  OKDBR  Na  03r 

.     (SuponadM  G«&ena  Otdet  No.  30.) 

Railroad  Commission  of  the  State  of  California. 

IN  THE  MATTER  OF  THE  CONSTRUCTION  AND  OPERATION  OF  POWER 

AND  COMMUNICATION  LINES  FOR  THE  PREVENTION  OR 

MITIGATION  OF  INOMCTIVE  INTERFERENCE. 

Approved  July  S,  1918.    BlfmHet  l«inist  1,  1916. 

It  u  hereby  ordered  that  the  following  rales  to  goveni  the  constrao- 
tion  and  operation  of  power  and  communicatioa  lines,  subject  to  the 
jnrisdietion  of  this  ConunissioD,  in  so  far  as  that  oooBtruetion  or  opera- 
tion applies  to  the  prevention  or  mitigation  of  indnctive  interference, 
as  hereinafter  ststed,  be  adopted  and  effective  August  1,  1918. 

DUTLIME, 

IMinitiOfi*. 

1.  Clau  H  Pawar  Ciniiilt. 

2.  El*etrioally  Connaotad. 

3.  Signal  Circuit. 

4.  Cemmufiloatlon  Clrouit. 

5.  Lina. 

6.  Parall«l. 

7.  Configuration.  - 

8.  Tranapotition. 
S.  Diaoontinuity. 

10.  Barral. 

11.  Co- ordination. 

11.  Balanead  and  Raaidual  Veltagaa. 
It.  Balanead  and  Raaidual  Currant*. 

RULES. 

L     Oanaral  Prsviaiona. 

a.  AppliMbilHy  «f  Ruha. 

b.  C«-opar«tion. 

c  PritMipl*  of  Laaat  Caat. 

d.  Exiating  Parallala, 

«^  Saving  Claua«. 

t.  Information  for  Commlaalon. 

U.     Location  cf  LiiMa. 

ft.  AvoManea  of  Para )!•)•. 

b.  Notioa  of  Intantlon. 

c  Diatanoa  Botwaan   LInoa. 

d.  Langth  of  Paraiura. 

e.  Dlaeontinultiea. 

in.     Daatgn  and  Conatruetlon  of  Line*. 

a.  Oanoral  Raquframent*. 

b.  Arrangamant  and  Spacing  of  Powar  ConduOtor*. 
c  Tranapoaitlon— Gonarai. 

i.  Tranapoaition — Insida  Limit*  of  Parallala.  ^~~  • 
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IV.     Daaign,  Conttruction  and  Arrangamant  of  Apparatusi 

a.  Quality  «nd  8t#aUltty. 

b.  Rotating  Machinary. 

c.  Tranaformera  and  Thoir  Connaetiona. 

d.  Ractifiara. 

e.  Switcha*.' 

t.  Fuaaa.  .  . ,     .      , 

K.  Electrolytic  Lightning  Arraater*. 
h.  Special  Inatrumenti. 
1.  Communicati6n  Apparatua.  '  - 

V.     Oparation  and  Maintananoa. 

a.  Ganaral  Raquiramanta. 

b.  Balanoa. 

c.  Record  of  Neutral  Currant. 
A.  Tranefornhere. 

e.  Switahing. 

f.  Charging  ElectroJytic  Lightning  Arreatara. 

g.  Abnormal  Conditional 

VI.     Other  Caaea  of  Interference. 
Vn.     Rulea  Subject  to  Lawa  and  Ordei>a«f  Commiaaion. 

Deflnitioiu. 

Certain  technicfd  terms  are  employed  berein  Id  the  senaes  set  forth 
in  the  followiug  definitioDfi : 

1.  Olau  n  Power  Cirouit:  The  term  "Cloaa  H  Power  CircQlt"  meaDe  any  over- 

head  open-wire  coDBtant-potential  altemating-carreat  power  fanHmiBaioD  01 
diatribution  circuit  or  electrically  connected  uetworlf  which  has  3,000  volte  or 
more  between  any  two  conductorg  or  2.900  volta  or  more  between  any  cod- 
dactor  and  ground ;  except  railway  trolley  citrcults  and  feeders  electrically 
connected  therewith. 

2.  Eleotrically  Connected:  The  term  "Blectrically  CmneOted"  maana  connected  by 

a  conducting  path  or  through  a.  condeitBer,  as  diatingalifaed  from  connection 

merely  through  magnetic  induction, 

8.  Signal  Circuit:  The  term  "Signal  Circnit"  means  any  telephone,  telegraph, 
messenger  call,  clock,  fire,  police  alarm  or  other  ciRTnit  ul  siiiil&t  nature  osed 
exclusively  for  the  traosmiesion  of  signali  or  intelligence,  which  operates  at 
less  than  400  volts  to  ground,  or  750  volts  betwsen  any  two  points  of  the  dr- 
cait,  provided  that  if  the  voltage  exceedslaO,  the  powar  traasmitted  shall  not 
exceed  150  watts. 

4.  OommunicatioH   Circvit :  The   term,  "Cgmmunic&tion  .Circuit"   means  any   over- 

head open-wire  signal  circuit,  except  that,  if  such  circuit  be  a  telephone  cir- 
cuit, it  is  limited  to  inter-eicbange  metallic  telephone  eirtniita  and  to  metallic 
telephone  circuits  operated  by  a  railroad  of  other  company  for  dispatching 
purposes,  or  for  public  use  between  separata  comtntinitica. 

5.  Line :  The  term  "Une"  taeans  any  circuit  or  eggrefation  of  circuits  carried  on 

poles  or  towers,  and  includes  the  supporting  eleiq^ta.   . 

6.  Parallel;  The  term  "Parallel"  ineaiu  a  conditbn  wheK  a-  Clase  H  pow«r  cir- 

cuit and  a  communlcatioa  circuit  follow  substantially  the  same  course  or  are 
otherwise  iti  ^rosipiity  fg;  a  suffident  distance  so  that  the  power  circuit  is 
liable  to  create  inductive  Interference  in  the  conununication  qircuit 
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With  some  parallels  interfereim  Mcvn  oaty  at  times  o(  abnoimal  conditiona 
DD  the  power  fnrcuit  in  which  case  8U<^  ot  these  rules  as  aSect  induction  only 
andei  Dornui.1  operating  conditions  do  not  apply.  When  the  application  of  an; 
nile  ii  thus  restricted,  the  condition  under  which  the  rule  applies  is  referred 
to  as  a  "normal"  parallel, 

r.  CiMtfiiiiiTation :  The  term  "Configtiration"  means  the  geometrical  arrangement  of 
a  cirmtit  or  circaits,  iacluding  the  size  of  the  wires,  and  their  relatire  positions 
wit^  lesi^ect  to  one  another  and  earth. 


ft  Diianttiniitif :  The  term  "DIscoiUiBnity"  uteaus  any  abniirt  cbaoge  in  tkt  relative 
pgsitJon*  t>i  a  power  and  a  eommuuicatioti  circuit,  or  aay.ahmpt  change  in 
GanBcnration,  line  impedance  or  load  along  either  such  circuit  (including  such 
changes  doe  to  connected  circuits,  transformets,  cables,  loading  coils  or  other 
apparatna)  which  materially  affects  tlie  magnitude  or  phase  of  the  induced 
toltages  or  currents  per  unit  length  or  the  capacitances  of  either  circuit. 
Transpositions,  liowever,  are  not  considered  to  be  discontinuities. 

10.  Barrel:  The  term  "Barrel"  means  an  arrangement  of  a  section  of  power  circuit 

within  which  eadb  conductoi  occupies  each  of  the  conductor  portions  for  such 
distances  as  will  result  in  a  maximum  degree  of  balance. 

11.  Co-ordination:  The   term   "Co-ordination"   as   applied   to   transposition   systems 

means  that  the  transpositions  in- power  and  conununication  circuits  infolved  in 
a  paralle]  are  eScdeutly  located,  vltb  r^pect  to  each  other  aitd  to  the  discos- 
tiniiitka,  for  reducing  the  inductive  effects  on  the  conuunnication  drcnits. 

12.  Batmuxd  and  Rctidumt  VoHagei :  The  Voltages  to  gratiitii  of  the  seiTetal  wises  o< 

a  power  cjrouit  are  divided,  foe  oonY^nJenae  .Into  two  dtks«es  of  conwoneoU, 
■'balanced"  and  "residnaL" 

The  "balanced  voltages"  are  those  components  which  are  eau^  in  magnitude 
and  have  such  phase  relations  that  their  algebraic  sum  is  zero  at  erery  instant. 
The  remaining  components  of  the  voltages  to,  ground,  which  exist  under 
conditions  other  than  perfect  balance^  are  termed  ''residual."  They  are  equiva- 
lent to  a  single-phase  voltage  impressed  between  the  power  wires  In  multiple 
and  gpoimd.  The  sum  ot  tlte.  reatdnal  eMnposent*  Is  tenned  thd  "residnaJ 
Toltife"  of  the  ciicuit  In  case  of  a  three-phase  oircnit  it  is  three  times  the 
equivalent  single-phase  voltage  mentioned  above; 

Hitheniatlcally  expressed,  the  residual  voltage  is  the  Vector  sum  of  the 
vtdtages  to  grodnd  of  the  several  wires  of  a  power  circuit,  while  the  balanced 
voltages  are  those  components  whose  vector  sum  is  lero. 

13.  B^la»cti  amd  Reti^a^  Currtati :  The  icurrants  in  i^e  several  wines  of  a  pnwec 

circuit  are  divided  for  oonveniMioe  into  two  dasges  of  oomponenta,  "balanced" 
and  "residual." 

The  "balanced  currents"  are  those  wholly  confined  to  the  wires  of  the  circuit; 
Hence,  their  algebraic  sum  Is  zero  at  every  instant. 

The  remaining  components  of  the  currents  in  the  several  wires,  which  exist 
nnder  conditions  other  than  perfect  balance,  are  termed  "residual.".  The  sum 
of  the  residual  components  is  the  "residual  current"  of  the  circuit.  It  is 
eqaivaient  to  a  nofle-idlase  onrrent  in  a  circnit  having  tbe  power  wuM  in 
multiple  aa  one  aide,  and  ground  as  the  other. 

Uathematically  expressed,  the  residual  current  is  the  vector  stun  of  the 
currents  in  the  several  power  wires,  while  the  balanced  currents  are  tboae 
B  whose  vsctor  sum  isxeto. 
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BULBS. 

I.  Qsneral  Provuiona. 

a.  Applicability  of  Rules. 

These  rules,  except  as  otherwise  provided  in  I  (e),  shall  apply  and 
be  effective  as  follows  t 

(1)  Rules  limited  to  lines  involved  in  a  parallel,  or  to  apparatns 
connected  to  such  lines,  shall  apply  only  in  ease  of  conditions  of 
inductive  interference  created  hereafter;  except  that  rules  relating 
to  the  operation  or  maintenance  shall  apply  to  all  such  lines  and 
apparatns,  both  existing  and  new. 

(2)  Rules  not  limited  to  lines  involved  in  a  parallel,  or  to  appa- 
ratus connected  to  such  lines,  shall  apply  to  new  construction  only, 
including,  however,  existing  lines  and  apparatus  when  such  are 
generally  reconstructed  or  renewed. 

b.  Co-operafion. 

Any  party  contemplating  new  construction  which  may  create  a 
parallel  shall  confer  with  the  other  party  or  parties  concerned  and 
they  shall  co-operate  with  a  view  of  avoiding  the  parallel,  or,  if  this  be 
impracticable,  of  minimizing  the  resulting  interference.  Failure  to 
comply  with  this  requirement  will  receive  consideration  by  thia  Gov^ 
mission  in  any  snbseqaent  issue  involving  such  constraetion. 

c.  Principle  of  Least  Cost. 

When  there  are  two  or  more  different  practicable  methods  of  avoiding 
or  mitigating  interference,  the  method  which  involves  the  leaat  total 
eost  shall  in  general  be  adopted  irrespective  of  whether  the  necessary 
changes  are  made  in  the  plant  of  the  party  creating  the  parallel  or  in 
the  plant  of  the  other  party;  provided,  however,  that  preference  shall 
be  given  to  methods  of  avoiding  a  parallel  over  methods  of  mitigating 
interference ;  and  provided,  further,  that  as  between  different  methods 
of  mitigation  having  different  degrees  of  effectiveness,  the  moat  effedive 
method,  the  cost  of  which  can  be  justified,  shall  be  adopted.  In  esti- 
mating such  costs,  all  factors  of  expense  to  both  parties  shall  be  taken 
into  account. 

d.  Existing  Parallels. 

Parties  operating  power  or  communication  lines  shall  exerciae  due 
diligence  in  applying  measures,  in  general  accordance  with  the  princi- 
ples of  these  rules,  for  mitigating  inductive  interference  due  to  existing 
parallels.  Any  such  parallels  which  now  or  hereafter  canse  excenive 
interference  shall  be  attended  to  promptly. 
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When  lines  involved  in  existing  parallels  are  added  to,  extended  or 
generally  reconstructed,  or  when  additional  apparatus  is  connected  to 
gacli  lines,  or  when  apparatus  now  conceeted  to  such  lines  is  renewed 
or  rearranged,  the  new  or  changed  plant  shall  thereafter  conform  to 
the  provisions  of  these  rules. 

e.   Saving  Clatne. 

Any  party  desiring  to  make  a  departure  frcna  these  rules  regarding 
the  operation  or  reconstmction  of  lines  now  existing  or  believiug  that 
these  roles  work  an  injustice  or  an  undue  hardship,  may  file  a  written 
petition  with  the  Railroad  Commission,  whereupon  the  Commission  will 
take  such  action  as  may  seem  to  it  proper. 

The  Commission  reaerres  the  right  to  modify  any  of  the  provisions 
of  these  rules  in  any  specific  case  or  otherwise,  when,  in  the  Commis- 
aou's  opinion,  public  interest  would  be  the  better  served  by  so  doing. 

/.  Information  for  Commission. 
Parties  operating  or  constracting  power  or  eouununication  lines, 
subject  to  the  jurisdiction  of  this  Commiasion,  involved  in  or  which 
may  become  involved  in  a  parallel,  shall  file  with  the  Bailroad  Com- 
mission, as  the  Commission  may  require,  information  appertaining  to 
measures  for  the  prevention  or  mitigation  of  inductive  interference 
agreed  upon  between  said  parties. 

IL  Location  of  Lines. 

a.  Avoidance  of  ParalleU. 

Every  reasonable  efFort  shall  be  made  to  avoid  creating  parallels.  If 
the  parties  eoucemed  can  agcee  upon  a  plan  for  providing  an  adequate 
separation  of  the  two  classes  of  lines  so  as  to  avoid  interference,  such 
plan  shall  be  put  into  effect.  In  no  case  shall  a  parallel  be  created 
miless  the  cost  of  avoidance  by  separation  is  greater  than  the  cost  of 
the  remedial  measures  required  by  these  rules, 

b.  Noiice  of  Intention. 

The  party  proposing  to  build  a  new  Class  H  power  or  a  communi- 
cation line  which  may  create  a  parallel,  or  generally  to  reconstruct  or 
change  the  operating  conditions  of  an  existing  line  involved  in  a 
parallel,  shall  give  due  notice  (at  least  sixty  days  where  practicable 
bat  in  any  event  not  less  than  twenty  days  in  advance  of  Gonstracti<m, 
except'for  minor  esteostons,  for  which  notice  shall  be  given  immedi- 
ately after  the  work  is  authorized)  of  such  intention  to  the  other  party 
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and  to  the  Bailroad  Commission,  including  full  information  as  to  the 
location  within  the  parallel  and  such  other  features  of  the  proposed 
line  as  would  affect  induction. 

c.  Distance  Between  Lines. 

Class  H  power  lines  and  commtinication  lines  shall  be  tept  as  far 
apart  as  practicable.  Their  separation  should  be  at  least  equal  to  the 
height  above  ground  of  the  power  wirea,  except  when  closer  proximity 
is  unavoidable. 

If,  in  any  case  of  inductive  interference,  it  should  be  found  imprac- 
ticable to  obtain  a  proper  degree  of  relief  by  means  of  the  remedial 
measures  set  forth  in  these  rules  or  by  other  measures  of  a  remedial 
nature,  the  parties  concerned  shall  agree  upon  and  put  into  effect  a 
plan  for  increasing  the  separation  of  the  lines  within  the  parallel. 

To  promote  the  effective  application  of  transpositions,  both  parties 
shall  endeavor  to  maintain  a  uniform  separation  of  the  two  lines 
throughout  each  normal  parallel.  However,  in  general,  when  it  is 
feasible  to  secure  more  than  a  20  per  cent  increase  in  separation,  for 
a  distance  in  excess  of  one  mile,  this  shall  be  done. 

d.  Length  of  Parallels. 

Parallels  shall  be  made  as  short  as  practicable. 

e.  Discontinuities. 

In  the  location,  construction  and  general  reconstruction  of  lines 
withm  norma!  parallels  every  reasonable  effort  shall  be  made  to  avoid 
discontinuities  (except  those  due  to  increases  in  separation  as  provided 
for  in  c  above)  which  would  interfere  with  the  application  of  effective 
and  economical  co-ordinated  transposition  systems  in  the  power  and 
communication  lines. 

In  the  location  and  construction  of  the  first  line  along  a  public 
highway,  special  effort  shall  be  made  to  avoid  crossing  the  hi^way 
and  also  to  avoid  other  features  which  would  result  in  unnecessary 
discontinuities  in  the  event  of  the  construction  of  another  line  along 
the  same  highway. 

m.  Desij^  and  Oonstraotioii  of  Linea. 
a.  General  Requirements. 
The  quality  of  material,  workmanship,  methods  and  grade  of  con- 
struction shall  be  in  accordance  with  approved  modem  practice  with 
special  regard  to  the   prevention   of  f&ilurea  and  the   avoidance  of 
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leatnres,  such,  for  example,  as  inferior  insulatioii,  which  would  tend 
to  eaose  or  promote  inductive  interference. 

6.  Arrangement  and  Spacing  of  Potoer  Conductors. 

In  the  design  for  conatnictiOD  or  general  reconstruction  of  Claaa  H 
power  lines,  consideration  shall  be  given  to  the  configuration  of  the 
lines  with  a  view  to  minimizing  (1)  throughout  the  entire  length  of 
the  line  inequalities  among  the  eapacitancea  to  earth  of  the  eondactoni ; 
and  (2)  within  normal  parallels  the  intensity  of  the  inductive  effects. 
When  two  or  more  circuits  are  carried  on  one  line  the  phase  relations 
among  the  conductors  of  the  different  circuits  should  be  chosen  with 
the  same  purposes  in  view. 

Excessive  spacing  of  conductors  should  be  avoided. 

Two-wire  branches  electrically  connected  to  a  three-phase  Class  H 
power  circuit  should  be  avoided  except  those  ao  short  that  they  do  not 
materially  unbalance  the  three-phase  circuit.  "Where  such  branches  ar« 
employed  they  should  be  so  distributed  as  to  cause  minimum  unbalance. 

No  single- wire  grounded  Class  H  power  circuits  or  branches  of  multi- 
wire  Class  H  power  circuits  shall  be  employed. 

c.  Transpositions — General. 
All  Class  H  power  circuits  and  metallic  eonmiTmicstion  circnitB,  ot 
extensions  of  such  circuits,  hereafter  constructed  or  generally  recon- 
structed, shall  be  transposed  throughout  their  entire  lengths  in  such 
manner  as  to  balance,  as  nearly  as  practicable,  the  capacitances  to 
earth  of  their  conductors.  For  single-circuit  three-phase  lines  the 
maximum  length  of  barrel  for  this  purpose  shall  be  twelve  miles  for 
circuits  of  triangular*  configuration  and  six  miles  for  other  configura- 
tions. For  twin-circuit  three-phase  lines,  the  maximum  length  of  barrel 
shall  be  six  miles ;  except  that  for  circuits  of  the  vertical  type  (including 
cases  with  the  middle  conductors  displaced  slightly  outward)  and  the 
Unilateral  triangular  type  with  vertices  upward,  nine-mile  barrels  may 
be  used  when  the  circuits  are  interconnected  for  minimum  unbalances. 

Ercepltom :  Power  lines,  located  principally  on  private  rights  «(  war  and  not 
electricttlly  comiected  to  the  other  lines,  are  exempt  troio  this  rule  if  saparated  from 
eiisting  cominiinication  lines,  and  from  highways  required  for  the  future  C0QStni(>- 
tion  of  cofflmnnication  lines,  by  distaaces  not  leas  than  those  giveo  below,  except 
for  ctnsaiags  at  angles  over  30  degrees  and  other  sections  ot  onSToidable  closer 
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proximity  aot  exceeding  one  mile  Id  total  lensth  in  each  ten  consecutive  miles  of  line : 
provided,  however,  that  such  Bectiona  of  closer  proximity  to  any  one  auch  communica- 
tion line  or  highway  shall  not  exceed  one  mile  in  each  thirty  conaecutlve  miles  of  line. 


Below  mow 
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For  power  lines  meeting  all  these  condilions  lor  exemption  except  that  they  are 
electrically  connecEed  to  other  lines  through  autotransfoTmera,  the  maximum  length* 
4( 'barrel  may  ba  Mice  those  specified  above. 

■  The  quesdoc  of-  whether  highways  that  may  he  involved  will  be  required  for 
future  eomnunicatioD  lines  shall  be  settled  by  agreement  between  the  power  com- 
pany contemplating  construction,  the  communication  companies  operating  within  the 
territory  to  be  traversed  and  the  Raitroed  Commission.  In  the  event  of  dtsagreement, 
or  if  there  is  no  such  communication  company,  the  matter  shall  be  referred  to  this 
ConuniesioD.  In  cases  where  the  proposed  use  of  a  particular  highway  by  a  communi- 
cation company  would  be  the  determining  factor  in  deciding  whether  a  given  power 
line  must  be  transposed,  soctk  commutLication  compao;  shall  make  an  effort  to  locate 
its  proposed  line  elsewhere  and  the  decision  shall  be  made  In  accordance  with  the 
principle  of  least  cost  laid  down  in  I  (o). 

Existing  Class  H  power  circuits  and  those  exempted  tmder  the  pre- 
ceding paragraph,  which  hereafter  become  ioTolved  in  normal  parallels, 
shall  be  transposed  so  as  to  balance  their  capacitances  to  earth,  when 
necessary  .for  limiting  residual  voltages  and  currents  to  amounts  which 
can  be  tolerated.  The  location  and  number  of  transpositions  for  this 
purpose  shall  be  determined  by  agreement  of  the  parties  concerned. 

In  the  location  and  spacing  of  the  transpositions,  due  regard  shal^ 
be  paid  to  discontinuities  which  affect  the  capacitances  of  the  circuit. 
Sections  of  circuit  between  such  points  of  discontinuity  should  be 
treated  independently. 

In  general,  transpositions  should  be  omitted  at  the  jimetion  points 
of  successive  barrels. 

Metallic  communication  circuits,  and  single-phase  and  two-phase 
Class  H  power  circuits,  shall  be  transposed  at  intervals  not  exceeding 
four  miles. 

Power  circuits  less  than  three  miles  in  length  are  not  required  to  be  - 
transposed  outside  of  parallels,  except  when  the  absence  of  transposi- 
tions would  materially  impair  the  balance  of  other  eircuits  to  which 
they  are  electrically  connected. 
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Power  circuits  with  grounded  neutrals  having  a  voltage  of  less  than 
12,500  volts  between  conductors  are  not  required  to  be  transpiMed  out- 
side of  parallels,  except  where  the  lack  of  such  transpositions  in  any 
specific  case  is  the  cause  of  interference. 

"Within  normal  parallels  the  transpositions  in  the  two  classes  of 
circuits  shall  be  as  provided  in  (d)  below.  "Wlien  the  transpositions 
required  in  a  parallel  impair  the  general  transposition  system  of  either 
line  outside  the  limite  of  the  parallel,  the  necessary  readjustment  of 
transpositions  shall  be  made  in  the  sections  of  line  adjacent  to  the 
parallel,  as  a  part  of  the  remedial  measures  therefor. 

d.  Transpositions — Inside  Limits  of  Parallels. 

Within  each  normal  parallel  an  adeijuate  scheme  of  transpositions,  to 
nentralize  so  far  as  practicable  the  inductive  effects,  shall  be  installed 
in  the  power  circaits,  and  also  in  the  communication  circuits,  provided 
the  latter  are  metallic.  The  transposition  systems  in  the  two  classes 
of  circuits  shall  be  properly  co-ordinated.  The  parties  concerned  shall 
co-operate  to  determine  upon  the  transposition  scheme  to  be  employed. 
The  tranai>ositions  required  in  the  line  last  constructed  shall  be  installed 
before  it  is  placed  in  service. 

In  applying  the  forgoing,  the  following  rules  shall,  in  general,  be 
observed: 

<1)  For  e*ch  normal  parallel  at  least  one  barrel  shall  be  ioatalled  in  the  power 
cirmit.  This  applies  also  to  a  section  of  parallel  where  it  it  not  practicable  to 
oiitMJn  a  balance  by  oandiinliig  ft  wltli  another  Bection.  Id  applying  thii  rule  It  1* 
not  intended  ordioarilj'  to  change  the  span  lengths  required  far  other  purposes. 

{2)  In  Ions  uoifonn  parallels  or  sectiana  of  parallel,  involving  a  telephone  Hoe  at 
UcfaTay  separation  from  the  power  line,  the  barrela  shall  be  three  miles  in  length, 
■object  to  such  variation  aa  may  be  necesaary  for  co-ordination  with  I4ie  tranapositioos 
required  in  the  telephone  circuits.  Tranapositiona  ehould,  in  general,  be  omitted  at 
the  junction  points  of  successive  barrela 

(3)  Elxcept  as  modified  by  (1)  above,  the  nomb^  of  transpositiona  reqalivd  In 
power  ciienits  paialleling  telepbone  circuits  ahall  be  lubjecC  to  the  following  limita' 
tions  ezpKSsed  in  terms  of  the  average  distance  between  successive  transpositions : 

(a)  For  power  circuits  of  50,000  volts  or  more  between  conductorB,  not  less  than 
one  mile. 

(b)  For  pAwer  drcntta  of  less  than  DftOOO  volts  between  ooodaetan,  not  less  thai 
oae-sixtb  mile-* 

(4)  In  case  of  a  parallel  between  a  power  line  and  a  telegraph  line  or  other 
eromided  eommanicstion  line,  the  transpositions  in  the  power  circuit  shall  be  located 
with  due  regard  to  the  limits  of  tbe  peralleb  and  to  discontinnltiee,  in  order  to  form 
■a  Msriy  aa  practicable  a  balanced  system,  subject  to  tbe  condititsi  that  the  transpo- 
sitions in  the  power  circuit  are  not  required  to  be  less  tbao  one  tnlle  apart,  except  as 
modlGed  by  (1)  above.  In  long  uniform  sections  of  parallet,  barrels  six  miles  ili 
length  ahoold  be  snffident.  Transposftlons  thonld  be  omitted  at  the  janetton  points 
«t  sncceMrive  barrels. 

■nately  three  miles,  as  provlfled  In  (2)  above,  are  gen- 
lorter  barrels  specified  In  (3)  are  sometimes  necessary 
1  sections  of  parallels.  In  order  to  co-ordinate  with  the 
proper  decree  of  balance. 
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(5)  Tbe  question  of  the  most  economical  scheme  to  accompUsb  tbe  purpose  shall 
alwajB  he  considered.    Effort  shall  be  made  to  ntilin  as  man;  as  practicable  of  tha 

existing  traospositlons. 

It  ifi  suggested  that  in  case  of  a  short  section  of  a  new  line,  not 
sufficient  of  itself  to  require  transpositions,  but  which  is  likely  to  be 
extended  later  so  that  transpositions  would  then  be  necessary,  consid- 
eration be  given  to  the  advisability  of  installing  one  or  more  suitably 
located  transpositions  in  the  new  section  of  line  while  it  is  being 
constructed,  in  order  to  avoid  interrupting  the  serriee  by  adding  trans- 
positions afterwards, 

Exoepfioni :  Cases  ot  parallelism  may  occor  where  the  interference  is  dne  almost 
wbollj  te  t«(ddual  voltages  and  .cunents  in  Vbicb.  event  transpositfoiia  in  the  power 
circi)it  are  notxeqnired,  except  aa  provided  in  III  (o). 

IV.  Des^iii,  Oonstaraetioa  and  ArrangMuent  ot  Appaxataa. 

a.  Quality  and  Suitability. 

In  designing,  specifying,  or  otherwise  determining  the  quality  op 
suit&bllity  of  apparatus  to  be  ooimected  to  Class  H  pawex  or  oommuni- 
eation  circuits,  and  in  arranging  such  apparatus  for  use,  eftort  shall 
be  made  to  avoid,  so  far  as  is  reasonably  practicable,  all  features  which 
would  tend  to  create  or  promote  inductive  interference  under  either 
normal  or  abnormal  conditions.  As  instances  iu  applying  the  fore- 
going, the  following  rules  shall  be  observed. 

b.  Rotaiing  Machinery. 

In  order  to  improve  conditions  generally,  companies  operating  Class 
H  power  circuits  shall  make  every  effort  to  minimize  tbe  high  frequency 
components  of  voltages  and  currents  caused  by  rotating  machinery. 
All  new  rotating  machinery  shall  have  as  nearly  as  practicable  a  pure 
sine  wave  of _  voltage  and  shall  not,  in  any  case,  deviate  therefrom  to 
exceed  the  limit  set  forth  in  the  present  standardization  roles  of  the 
American  Institute  of  Electrical  Engineers. 

No  ground  connection  shall  be  used  on  the  armature  winding  of  an 
alternating-current  generator  or  motor  eleetheally  connected  to  a  power 
circuit  involved  in  a  normal  parallel  nnless  means  are  employed  to 
avoid  unbalancing  the  circuit  and  to  reduce  triple-harmonic  residualg 
as  far  as  may  be  necessary  and  practicable. 

c.  Transformers  and  Their  Connections. 

In  order  that  the  wave-shape  of  voltage  and  current  may  be  distorted 
as  little  as  practicable  by  transformers,  all  new  transformers  on  Class  H 
power  circuits  should  have  an  exciting  current  as  low  as  is  consiatent 
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with  good  practice,  and  which  shall  not,  at  rated  voltage,  exceed  10  per 
cent  of  the  full  load  current  j  except  that  for  transformera  without 
neutral  ground  connections  on  the  line  side,  the  exciting  current  at 
rated  voltage  need  not  he  less  than  0.2  ampere, 

Where  three-phase  transformers  are  employed  with  grounded  neutrals 
the  core  type  is  preferable  to  the  shell  type. 

Transformers  or  transfortner  bants  shall  not  be  grounded  at  such 
points  of  their  windings  as  to  unbalance  a  connected  circuit  involved 
in  a  normal  parallel.  As  important  cases  under  this  rule,  no  grounded 
angle-phase,  grounded  three-wire  two-phase,  or  grounded  open-star 
three-phase  connection  shall  he  so  employed. 

Xo  star-connected  transformers  or  autotransformers  shall  be 
employed  with  a  grounded  neutral  on  the  side  connected  to  a  three- 
phase  power  circuit  involved  in  a  normal  parallel,  unless  low-impedance 
delta-connected  secondary  or  tertiary  windings  or  other  equivalent 
means  are  used  for  suppressing  the  triple  harmonic  components  of  the 
residual  voltages  and  currents  introduced  by  the  transformers. 

Care  shall  be  taken  that  the  individual  units  in  each  grounded- 
neutral  bank  of  transformers,  connected  to  a  circuit  involved  in  a 
normal  parallel,  are  alike  as  to  type  and  rating,  including  all  electrical 
characteristics,  and  that  they  are  similarly  connected,  so  as  not  to 
unbalance  the  cirenit. 

Closed-delta  connections  shall  be  used  wherever  practicable  in  prefer- 
ence to  open-delta  connections  on  three-phase  power  circuits  involved 
in  normal  parallels.  When  open-delta  connections  are  employed,  an 
effort  shall  be  made  to  distribute  stach  connections  equally  among  the 
three  phases. 

Where  triple-harmonic  residual  voltages  and  currents  due  to  star- 
connected  transformer  banks  exist  in  amounts  which  can  not  be  toler- 
ated, and  it  is  inexpedient  to  isolate  the  transformer  neutrals,  such 
residuals  shall  be  limited  by  operating  the  transformers  at  reduced 
m^netic  density  or  by  o^er  available  means. 

d.  Rectifiers. 
Bectifiers  and  other  apparatus  tending  to  distort  the  alternating- 
cnrrent  wave  when  installed  cm  power  lines  involved  in  normal  parallels, 
shall,  if  necessary,  be  equipped  with  suitable  auxiliary  apparatus  to 
prevent  harmful  distoj^ion  of  the  wave-form  of  power-circuit  voltage 
or  eturent. 
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e.  Switches. 

Each  oil-break  switch  in  a  power-circnit  involved  in  a  parallel,  loc&ted 
between  the  source  or  sources  of  energy  and  the  parallel,  and  used  for 
energizing  or  de-energizing  the  circuit,  shall  have  all  poles  mechanically 
interconnected  for  Biraultaneous  action.  There  shall  be  at  least  one 
such  switch  80  located  as  to  control  the  supply  of  energy  to  each  power 
circuit  involved  in  a  parallel,  and,  except  at  stations  where  an  operator 
is  constantly  on  duty,  such  switch  shall  bf  made  automatic  for  short 
circuits,  grounds,  and  in  case  of  grounded  neutral  circuits,  for  abnormal 
neutral  currents. 

Careful  consideration  shall  be  given  to  means  of  minimizing  transient 
disturbances  caused  by  switching  operations  on  Class  H  power  circuits, 
which  would  cause  inductive  interference.  Whenever  practicable,  pro- 
vision shall  be  made  for  switching  on  the  station-side  rather  than  on  the 
line-side  of  transformer  banks. 

Oil-break  switches,  having  their  poles  mechanically  interconnected  for 
simultaneous  action,  shall  be  provided  wherever  the  use  of  air  switches 
or  non-interconnected  single-pole  oil  switches  would  cause  harmful 
transient  disturbances  in  parallel  eomrauhieation  circuits. 

f.  Fuses. 

Switches  shall  be  used  instead  of  main-line  fuses  wherever  practicable 
in  a  power  circuit  involved  in  a  parallel. 

g.  Electrolytic  Lightning  Arresters. 

When  electrolytic  lightning  arresters  are  employed  on  a  power  circuit 
involved  in  a  parallel  they  shall  be  equipped  with  auxiliary  chai^ng 
resistances  and  contacts  so  arranged  that  the  horn  gaps  are  short- 
circuited  at  the  time  of  charging,  to  avoid  as  far  as  possible  the  produc- 
tion of  arcs. 

h.  Special  Instrummits. 

Reliable  indicating  devices  shall  be  installed  at  the  source  of  supply 
of  power  circuits,  involved  in  parallels,  to  inform  the  operators  immedi- 
ately of  abnormal  conditions,  such  as  grounds,  and,  wherever  possible, 
open  circuits,  which  have  not  operated  automatic  switches. 

Whenever  a  neutral  ground  connection  is  employed  on  a  circuit 
involved  in  a  parallel,  an  ammeter,  suitable  for  measuring  the  current 
in  the  neutral  under  normal  operating  conditions,  shall  he  installed  in 
each  neutral  connection  to  ground  at  the  main  generating  and  main 
attended  substations  on  the  power  system  electrically  connected  to  the 
circuit  involved  in  the  parallel. 
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i.  Communication  Apparatus. 
All  apparatus  electrically  coimected  to  metallic  communicatioD  cir- 
eoits  involved  in  parallels  shall  be  designed  aad  coostructed  so  as  to  . 
secure  as  nearly  as  practicable  an  accurate  balance  of  the  series  impe- 
dances and  the  admittances  to  earth  of  the  two  sides  of  the  circuits  in 
order  to  minimize  the  detrimental  effects  of  indnction  from  parallel 
power  circoits. 

V.  Operation  and  Maintemuicc. 

a.  General  Bequtrements. 

Power  and  conmnmication  companies  shall  uae  all  reasonaUe  meant 
to  operate  and  maintain  eircniti  involved  in  parallels  in  such  a  manner 
u  to  minimize  interference  under  conditions  of  normal  operation,  and 
to  avoid  transient  distarbanees. 

b.  Balance. 

In  the  maintenance  of  both  power  and  CMnmonieation  cirmits 
involved  in  parallels  special  care  shall  be  given  to  the  prevention  of 
mechanical  and  electrical  failures  which  would  cause  or  promote 
transient  disturhanoes  or  nobslsnces  sueh  as  those  due  to  tree-grounds, 
defective  or  dirty  insulators  or  other  faults. 

The  voltages  and  currents  of  power  circuits  involved  in  parallels 
dull  be  kept  balanced  as  closely  as  practicable  and  accideiital  unbalances 
Aall  be  pRHnptly  corrected. 

c.  Record  of  NttUral  Citrrent. 

At  all  points  on  grounded  neutral  systems  equipped  as  required  in 
IV  (A),  the  power  company  shall  observe  and  record  the  approximate 
daily  maximum  neutral  current. 

d.  Transformers. 

\o  transformers  connected  to  power  oiicoits  involved  in  normal 
parallels  shall  be  operated  at  more  than  10  per  cent  above  their  rated 
voltage.  Wherever  practicable  in  case  of  existing  equipment  and  in 
all  cases  of  new  equipment,  transformer  banks  with  grounded  neutrals 
on  the  side  which  is  connected  to  a  power  circuit  involved  in  a  normal 
parallel  shall  not  be  operated  at  more  than  5  per  cent  above  their  rated 
voltage. 

e.  Switching. 

In  all  switching  operations  care  shall  be  taken  to  avoid  so  far  as 
possible  the  production  of  harmful  transient  disturbances. 
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/.  Charging  Electrolytic  Lightning  Arresters. 
"When,   notwithstanding   compliance   with   IV    (g),   interference   is 
caused  by  charging  electrolytic  lightning  arresters,  such  cha^ng  shall 
be  done  at  night,  so  far  as  is  possible,  preferably  between  2  a.in.  and 
4  a.m. 

g.  Ahnormal  Conditions. 

Power  companies  shall  adopt  operating  rules  which'  shall  speoifieally 
outline  the  procedure  for  their  operators  during  times  when  a  power 
circuit  involved  in  a  parallel  is  abnormally  unbalanced,  as  will  occur 
with  an  open,  grounded  or  short-circuited  line  or  transforooer  winding. 

Such  rules  shall-,  in  general,  provide  for  the  discontinuance  ot  operB' 
tioo  of  the  power  line  until  the  fault  ia  remedied,  excepting  only  those 
cases  where  it  is  clear  that  the  service  rendered  the  puUic  by  continuing 
operation  of  this  section  of  power  line  is  of  greater  importance  than 
the  communication  service  interrupted  by  such  continued  operation, 
.  When  it  is  neoeBsary  to  energize  a  defective  power  line  in  order  to 
locate  a  fault,  care  shall  be  taken  to  avoid  as  far  as  possible  repeatedly 
energizing  any  section  of  such  line  which  parallels  oommunieatioo 
circuits,  until  the  fault  has  been  cleared. '  Whenever  possible,  the  faulty 
section  of  line  shall  not  be  energised  more  than  once  until  disconnected 
from  the  section  of  line  involved  in  the  parallel. 

To  facilitate'  the  study  and  prevention  of  disturbaQces  in  combiUDL- 
cation  circuits,  occasioned  by  transient  costditioua  of  power  eirouita, 
accurate  record  shall  be  kept  of  the  nature  and  time  of  occurrence  of 
failures,  changes  in  operating  arrangements  and  all  'switching  daring 
times  of  abnormal  conditions  of  Class  H  power  circuits  involved  in 
parallels;  and  of  all  transient  disturbances  in  commuuication  circuits. 
These  records  shall  be  made  available  for  use  in  tracing  the  causes  of 
such  transient  disturbances. 

VI.  Other  Oaaes  of  IndoetiTe  teterfermoe. 

If  any  ease  of  inductive  interference,  not  otherwise  covered  by  these 
rules,  shall  be  experienced  or  become  imminent,  such  as  interference 
from  alternating-current  railways  operating  with  ground  return,  con- 
stant-current lighting  circuits,  power  circuits  carried  in  cables,  power 
circuits  of  lower  voltage  than  Class  H  power  circuits,  direct  current 
circuits,  or  interference  in  communication  circuits  carried  in  cable  or 
in  subscribers'  metallic  telephone  circuits,  the  parties  concerned  shall 
endeavor  to  agree  upon  a  procedure  for  the  prevention  or  mitigation 
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of  the  mterCerence  by  applying  Temedial  measures.  In  the  ev^it  of 
disagreement  between  the  parties  concerned,  the  matter  shall  be  referred 
to  this  Coi 


Vn,  Rules  Subject  to  Laws  and  Orders  (tf  OommisBioii. 

These  rules  are  to  apply  in  all  casea  where  there  is  no  conflict  with 
any  law  of  this  state  or  order  of  this  Commission  now  or  hereafter  in 
effect.  In  case  of  conflict,  where  these  rules  add  to  the  requirement 
of  any  law  of  Ous  state  or  order  of  this  Commission,  these  rules  shall 
prerail;  otherwise  not. 

RAILROAD  COMMISSION  OP  THE  STATE 
OF  CALIFORNIA, 

By  B.  A.  Pabst,  Asst.  Secretary. 
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LETTER  OF  APPROVAL. 


San  Fbamcbco,  July  30,  1914. 
Joint  Committee  on  iTiductive  Interference: 

Gektlembn:  We  desire  to  acknowledge  receipt  of  yours  of  the  7th 
instant,  tranamitting  the  report  of  the  Joint  Committee  on  Inductive 
Interference,  and  also  of  yours  of  the  23d  instant,  referring  in  greater 
detail  to  future  work  of  your  committee,  and  to  thank  you  for  the  same. 
The  Commission  realizes  the  arduous  labor  which  your  committee  and 
the  individual  members  thereof  have  performed  in  seeking  to  ascertain 
the  causes  of  inductive  interference  between  power  and  communication 
circuits,  and  to  prescribe  rules  and  regulations  for  preventing  or 
minimizing  such  interference,  and  extends  to  the  committee,  and  each 
member  thereof,  its  congratnlatlonB  on  the  results  acoomplished  and 
its  thanks  for  the  scholarly,  aeientific,  painstaking  manner  io  which 
the  work  has  been  performed. 

The  Commission  has  adopted  the  rules  as  proposed  by  your  com- 
mittee and  has  added  two  new  rules,  one  dealing  with  the  applicability 
of  the  rules  to  existing  and  future  construction  and  the  other  declar- 
ing the  principle  that  these  rules  shall  be  subject  to  the  laws  of  this 
State  and  the  orders  of  this  Ootamission,  now  or  hereafter  in  effect. 
The  Commission's  order  will  be  published  as  a  general  order: 

Your  report  will  be  printed  by  this  Gommiasion  for  free  distribution. 
While  thfi  general  oonolusions  vrill  be  given  to  the  press  in  the  usual 
course,  we  shall  be  glad  to  have  the  report  printed  in  full  in  the  Pro- 
ceedings of  the  American  Institute  of  Electrical  Engineers. 

The  Commission  hereby  requests  your  committee  to  continue  its 
work  along  the  lines  indicated  in  your  report  and  your  letter  of  the 
23d  instant,  and  authorizes  the  raising  of  the  necessary  funds  by 
assessment  as  heretofore,  with  the  understanding  that  the  Commiision 
will  assign  one  of  its  stenographers  to  the  work  of  the  committee,  and 
that  our  engineering  department  will  at  all  times  co-operate  with  your 
committee. 

With  sincere  appreciation  for  the  work  hitherto  performed  and 
assurances  of  continued  interest  in  the  work  to  which  you  will  now 
devote  yourselves. 

We  remain,  respectfully, 

RAILROAD  COMMISSION, 
JoBif  M.  Ebblxman, 
h,  d,  loveland, 
Alex  Gordon, 
Max  Thelen, 
B.  O.  Edgekton, 

Commissioners . 
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LETTER  OF  TRANSMITTAL. 

San  FaANCiscx),  July  7, 1914. 
To  the  Railroad  Commission  of  the  State  of  California, 
San  FraiK^co,  Calif omia: 
Gentlehhn  :    The  Joint  Committee  on  Inductive  Interference  sub- 
mits herewith  a  report  based  on  its  work  to  date,  containing  provlsioQal 
rules  which  tend  to  improve  conditions  in  respect  to  inductive  inter- 
ference.    The  investigation  undertaken  by  the  committee  has  not  hs&x 
completed,  but  the  results  already  obtained  serve  to  point  out  a  number 
of  requirements  and  precautionary  meaaures  which  should  be  complied 
with  in  future  work.     These  have  been  embodied  in  the  rules  presented 
herewith,  and  it  is  the  recommendation  of  tks  committee  that  these 
rvles  be  made  effective  immediately  without  waiting  for  the  completion 
of  the  investigation. 

The  committee  desires  to  explain,  in  respect  to  certain  of  the  roles, 
that  while  the  general  character  of  their  essential  provisions  ia  well 
understood,  the  information  available  at  present  is  not  sufSeiently  com- 
plete to  make  it  possible  to  set  definite  quantitative  limits  and  to  make 
all  the  rules  explicit,  such  as  they  should  be  in  order  to  afford  the  maxi- 
mum  reduction  of  inductive  interference  consistent  with  the  burdens 
imposed  by  the  rules.  In  a  few  instEinces,  rules  have  been  drawn  with 
definite  limits  which  have  been  set  somewhat  arbitrarily,  in  accordance 
with  the  committee's  best  judgment.  Therefore,  the  rules  are  not  put 
forth  as  being  complete  or  final,  but  must  be  regarded  as  provisional 
and  subject  to  such  change  as  the  results  of  furtter  investigation  and 
experience  may  determine.  They  are,  however,  recommended  unani- 
mously by  the  committee  as  the  best  which  can  be  formulated  at  this 
time,  and  thus  having  the  support  of  all  the  interests  represented  on 
the  committee,  it  is  hoped  that  the  rules  will  appeal  to  the  CommiBsion 
as  being  reasonable  and  proper. 

The  report  also  outlines  other  experimental  work,  some  of  which  is 
now  in  pn^ress,  which  the  committee  considers  essential  in  order  that 
additional  information  may  be  acquired  for  amplifying  and  revising 
these  rules  to  make  them  more  definite  and  complete. 
Respectfully  submitted. 

(Signed)        Richard  Sachse, 
A.  H.  Babcock, 
R.  W.  GeaT, 
P.  Emsbson  Hoab, 

J,  E.  WOODBBIDQB, 

J,  p.  Jolltman, 

p.    M.    DOWNINO, 

H.  A.  Basbe, 
C.  H.  Temple, 
A.  H.  Gbiswotj), 
R.  W.  Mastick, 
V.  V,  Stevenson, 

J.  A.  KOONTZ, 

A.  L.  Wilson, 
Joint  Committee  on  Inductive  Interference. 
Honorary  Members: 

HowABD  S.  "Wakrbn.  ,^  , 

JamesT.  Shaw.  DiquizcdovL-OOglC 
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PRELIMINARY  REPORT* 

Joint  Committee  on  Inductive  Interference  to 

the  Railroad  Commission  of  the  State  of 

California. 

Scops. 

This  report  preaents  briefly  an  accomit  of  the  formation  of  this 
committee,  its  activitiee  aad  recmltB  accompliBhed  to  date,  and  recom- 
mendations for  such  rulings  by  the  Kailroad  CommisBion  of  the  State  of 
California  as  the  committee  believes  are  just^ed  at  this  time ;  togetta^ 
^tb  a  technical  disciisaion  in  explanation  of  the  resnlta  and  recom- 
mendations. 


Kenilts  Accomplished. 

The  following  paragraphs  sununarize  very  briefly  the  principal 
resnlls  accomplished  to  date.  These  statements  of  results  are  acoom- 
panied  by  brief  explanatory  comment  upon  the  eonelosions  reached. 
The  reasons  for  and  explanations  of  these  conolusiona  are  given  in  more 
detail  in  the  appendices,  to  which  reference  is  made. 

1.  Interference  to  telephone  circuits  under  notmal  operating  condC- 
tiong  of  power  oircmts  arises  almost  whoUy  from  the  harmonic  voltages 
and  currents  of  the  power  system.     {See  Appendix  I,  page  117.) 

This  is  due  chiefly  to  the  fact  that  the  frequencies  of  the  harmonici 
genenlly  present  in  the  voltages  and  corrcoits  of  power  systems  cover 
a  considerable  portion  of  the  range  of  the  voice  frequencies,  partienlsrly 
those  frequencies  at  which  telephone  ingtnunentB  and  the  human  ear  are 
of  maximum  sensibility.  Extraneous  currents  of  frequencies  approach- 
ing the  average  voice  frequency  have  a  more  injurious  effect  upon  tele- 
phone conversation  than  currents  of  lower  frequencies. 

2.  The  effect  of  ind/uction  of  the  f-undamental  frequency  on  telephone 
circuits  is  comparativdy  unimportant  unless  it  is  of  magnitude  sufficient 
to  constitute  a  physical  hazard.     (See  Appendix  I,  page  117.) 

This  is  due  to  the  fact  that  the  fundamental  spprosehea  the  lower 
limit  of  audible  frequencies,  at  which  the  telephone  and  the  human  ear 
are  not  eflSciently  responsive. 

3.  Interference  to  telegraph  and  other  signdUing  circuits  is  due  prin- 
cipally to  the  fundamental  and  lower  harmonics.  (See  Appendix  I, 
pa^e  117.) 

Telegraph  receiving  instruments  are  relatively  insensitive,  as  com- 
pared with  the  telephone,  to  the  higher  harmonies,  but  are  aensitive  to 

*Sce  Appendix  IH  ot  the  Final  R^>ort.  page  T9. 
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disturbances  of  lower  frequencies,  such  as  the  fundamental  and  lower 
harmonics  which  more  nearly  approach  the  normal  operating  frequency 
of  such  circuits. 

4.  The  power  circuit  currents  and  voltages  may  be  ^vided  into  two 
factors:  balanced  and  residtiai,  of  which,  for  equal  magnitude,  the 
latter  in  general  produce  the  greater  inductive  interference.  (See 
Appendix  II,  page  119.) 

B€sidual  currents  and  voltages  act  inductively  in  r  similar  maimer  to 
single-phase  currents  and  voltages  acting  in  a  circuit  composed  of  the 
line  conductors  in  parallel  with  earth  return,  which  is  a  condition 
favorable  to  very  large  induction.  Moreover,  such  a  circuit  which  in- 
cludes the  earth  as  one  side  can  not  be  transposed.  Transpositions  in 
the  power  circuit  can  not  reduce  the  inductive  effect  of  residuals  except 
as  they  reduce  the  magnitudes  of  the  residuals  themselves,  which 
they  do  in  some  cases.  The  inductive  interference  arising  from  such 
currents  and  voltages  can  be  reduced  only  in  the  case  of  metallic  cir- 
cuits, such  as  telephone  circuits,  by  transposing  these  circuits.  It  is, 
therefore,  important  that  the  telephone  circuits  be  transposed  at  fre- 
quent intervals  throughout  parallels  and  carefully  balanced  throughout 
their  entire  length,  and  that  the  residual  currents  and  voltages  be  kept 
sufficiently  small  to  give  negligible  induction  in  telephone  circuits  so 
arranged. 

5.  Inductive  interference  to  communication  circuits,  arising  from  the 
balanced  voltages  and  currents  can  in  a  large  measure  be  prevented  by 
means  of  am  ^equate  system  of  transpositions  applied  to  both  power 
and  communication  circuits  {assuming  the  latter  are  metallic)  and 
located  with  due  regard  to  each  other. 

This  is  accomplished  partly  by  creating  mutually  neutralizing  induc- 
tive effects  in  neighboring  lengths  of  each  side  of  the  communication 
circuit  or  circuits  by  transposing  the  power  circuit,  and  partly  by 
equalizing  the  inductive  effects  on  the  two  sides  of  the  oonmnmication 
circuit  or  cirenits  by  exposing  each  side  equally  to  the  influence  of  the 
power  circuit  by  transposing  the  communication  circuit. 

6.  Abnormal  conditions  and  at  times  suntching  operations  produce 
transient  disturbamces  of  a  very  severe  character. 

This  is  due  to  the  fact  that  abnormal  conditions  almost  invariably 
give  rise  to  residuals  of  large  magnitude,  often  including  high  har- 
monics. Abnormal  occurrences  incident  to  electrical  power  transmis- 
sion do  not  give  warning  of  their  occurrence,  and  since  they  can  not  be 
produced  artiiicially  on  transmission  systems  without  subjecting  the 
apparatus  to  great  risk  or  danger,  it  has  been  deemed  unwise  to  attempt 
any  experimental  tests  of  these  effects.  This  conclusion  is  therefore 
drawn  from  general  experience  and  data  of  actual  occurrences  collected 
by  the  committee. 

Btiles  Recommended  by  the  Committee. 

The  following  are  the  rules  which  the  committee,  as  the  result  of  its 
study  to  date,  recommends  be  issued  at  this  time  to  govern  the  future 
ocHistructinji  and  operation  of  power  and  communication  circuits  which 
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sre  or  are  proposed  to  be  so  located  as  to  create  a  parallel,  as  herein- 
after defined: 

OUTUNB  OF   BULBg. 

Db'ihitions. 

a.  Powtr  Circuit. 

b.  Communication  Circuit. 

c.  Telephone  Cirwit. 

&  ParaUtl  or  Parallelism, 

f,  Reiiduat  Current. 

g.  Renduat  Voltaee. 
b.  Trantpaiitioii. 

I.   ATOIDAJfCE   OF    PaBAIJJI.THM. 

IL  CoSDinoKS  U^DER  Which  FAB4U.IIJ9M  Will  Bb  PBBinmo. 

a.  UiHtmum  Horixantal  Beparation. 

b.  Balance  of  Piftecr  Sgitem. 

c.  Limitation  of  Retidual  Carrenii  and  Voltage*. 

d.  Tratupotitiont  In*ide  LimtlM  of  Parallel. 

e.  Trantpotiliont  Outtide  Ltmiti  of  ParoHeL 
t.     Cniformitii  of  Parallel. 

ETnmtonneT  OonnecHoni.  • 

StDiteh    Eguipment. 
i,     Switchino. 
j.     Cie   of  Air  Suiitohet. 
i.     Abnarmai  Conditiom, 
L     Dericet   for  Indicating  Abnormal  Condition*  on   8v*tem4   Iiolaied  from 

m.     Procedure    Under   Ahnormal   Conditiont. 
a.     Ammeter  I   in    7i  eat  rat   Ground   Gonneetion*. 
O.      Cfcorping    Electrolvtie    Lightning   Arrttten, 
p.     Ware  Form   of   Rotating  Machine*, 
q.     Erdting  Current  of  Trantformer*. 
m.  Pbotisions  APFX.TIRO  TO  ExiBTina  Pabuxu^s. 
IV.  Waiteb  ae  Conditionb  bt  Communication  Cohpakt. 
V.  Pakallelisu  With  ALTmnATina  Cdbbent  Railwats. 

Definitions. 

The  following  defmitiona  are  given  of  certain  technical  terms  em- 
ployed herein: 

a.  Power  Circuit.    The  term  "power  circuit"  inclndes  any  over- 

head constant  potential  alternating  current  power  transmis- 
sion or  distribution  circuit  or  electrically  connected  network 
which  has  a  voltage  of  five  thousand  volte  or  more  between 
any  two  conductors,  or  of  three  thousand  volts  or  more  be- 
tween any  conductor  and  groond. 

b.  Comntunicaticn   Circuit.    The  l«rm   "communication  circuit" 

includes  any  overhead,  open  wire  telephone,  telegraph,  or 
signalling  circuit  which  is  used  in  the  service  of  the  public. 

c.  Telephone  Circuit.    The  term  "telephone  circuit"  includes  any 

inter-exehange  metallic  telephone  circuit,  and  therefore  ex- 
elndes  subscribers'  circuite.  This  term  also  includes  any 
metallic  telephone  circuit  operated  by  any  railroad  or  other 
company  for  dispatching  purposes  or  for  public  use  between 
separate  communities. 

d.  Line.     The  term  "line"  means  any  eircoit  or  a^p*egation  of 

eireoits  carried  on  poles  or  towers. 


■dovGooi^Ic 


108  INDUCTIVE  IHTBU'ESBNCE. 

e.  Parallel  or  ParaUdism.  The  terms  "parallel"  or  "parallelism" 
refer  to  cases  where  a  power  line  and  a  cozmnusioatiou  line 
follow  substantially  the  same  conrse,  or  are  otherwise  in  prox- 
imity for  a  sufficient  distance,  so  that  the  power  circuit  ia 
liable  to  create  inductive  interference  in  the  communication 
circuits. 

£,  Residual  Current.  The  term  "residual  current"  denotes  the 
vector  sum  of  the  currents  in  the  several  conductors  of  a  power 
circuit. 

g.  Residual  Voltage.  The  term  "residual  voltage"  denotes  the 
vector  sum  of  the  voltages  to  ground  of  the  several  conductors 
of  a  power  circuit. 

h.  Transposition.  The  term  "transposition"  denotes  the  inter- 
change of  position  of  the  several  conductors  of  a  circuit. 

I.  Avoidance  of  Parallelism. 

Every  reasonable  effort  shall  be  made  to  avoid  new  parallelism.  The 
party  proposing  to  build  a  new  communication  or  power  line,  which 
will  create  a  parallel,  or  generally  to  reconstruct  an  existing  line 
involved  in  a  parallel  shall  give  due  notice  (at  least  thirty  days  wherever 
possible)  of  its  intention  to  the  other  party,  including  detailed  informa- 
tion as  to  the  location  and  character  of  the  proposed  line.  If  a  plan 
con  be  devised  and  agreed  upon  by  the  two  parties  for  maintaining  an 
adequate  separation  between  the  two  classes  of  lines  so  as  to  avoid  inter- 
ference, this  shall  be  done.  In  case  it  is  impracticable  to  secure  ade- 
quate separation  between  a  power  line  and  a  communication  line, 
parallelism  will  be  permitted,  subject  to  the  conditions  set  forth  in  II. 

II.  Conditions  Undeb  Which  PAKALLiajsH  Will  bb  PEBHrrreD. 

a.  Mimmum  Horizontal  Separation.  The  minimum  horizontal  sep- 
aration between  the  power  line  and  communication  line  shall  be  equal  to 
the  height  of  the  taller  line.  The  only  exceptions  to  this  provision  are 
angle  crossings  and  other  unavoidable  cases  of  close  proximity,  and  in 
all  anch  coses  the  power  line  shall  be  kept  above  the  communication 
line  and  constructed  in  conformity  with  the  National  Electric  Light 
Association's  specifications  for  overhead  crossings  or  other  approved 
equivalent  which  may  be  agreed  to  by  both  companies. 

b.  Balance  of  Power  System.  The  power  company  shall  exercise 
due  diligence  to  keep  the  currents  in,  and  the  voltages  to  ground  o^ 
the  conductors  of  any  power  circuit  involved  in  a  parallel  as  closely 
balanced  as  practicable.  In  all  cases  where  telephone  circuits  are 
involved,  special  consideration  shall  be  given  to  the  prevention  op 
elimination  of  harmonics  in  the  residual  current  and  in  the  residual 
voltage, 

c.  Limitation  of  Residual  Currents  and  Voltages.  Pending  addi- 
tional rules  on  specific  means  other  than  those  given  herein,  the  parties 
concerned  shall  endeavor  to  agree  upon  the  means  to  be  employed  for 
the  prevention  or  limitation  of  residual  currents  and  voltages,  and  in 
the  event  of  disagreement  the  matter  shall  be  referred  to  the  Railroad 
Commission  of  the  State  of  California. 

d.  Transpositions  Inside  Limits  of  Parallel.  An  adequate  system  of 
transpositions  shall  be  installed  in  the  power  circuit  (or  cirenits),  and 
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in  the  conmicnication  circuit  (or  circnite)  provided  the  latter  i^ 
metallic.  When  both  eircaite  are  transposed  the  traBBpOBitionB  in  both 
the  commnnieatioii  and  power  circuits  ^all  be  located  with  dne  regard 
to  each  other. 

Every  reasonable  effort  shall  be  made  by  both  parties  ooncemed  to 
fix  the  limits  of  the  parallel  and  the  location  of  eroeaiiigB,  branch  lines, 
and  connected  apparatna  so  as  to  facilitate  the  application  of  att  effective 
transposition  scheme. 

In  the  case  of  a  parallel  between  a  power  line  and  a  telephone  line 
Oie  company  owning  or  operating' the -telephone  line  involved  shall 
have  the  right  to  specify  the  number,  type  (in  respect  to  electrical  char* 
acteristics)  and  location  of  the  transpositiona  in  the  power  circuit,  sub- 
ject to  the  f<dlowing  limitations: 

1.  For  power  circuits  of  50,000  volts  or  over  the  average  distance 
between  successive  -transpoaitions  shall  not  be  required  to  be  leas 
than  one  mile  and  the  miniinum  distance  between  any  two  succes- 
sive transpositions  shall  not  be  required  to  be  less  than  two-thirds 
of  a  mile. 

2.  For  power  circuits  of  less  than  50,000  volta  the  distance  be- 
tween successive  transpositions  shall  not  be  required  to  be  less  than 
one-sixth  of  a  mile. 

The  transposition  system  of  the  telephone  circuits  shall  be  modified 
where  necessary  in  order  that  the  power  and  telephone  circuits  shall 
be.  aa  nearly  as  practicable,  mutually  non-inductive. 

For  short  parallels  less  than  six  miles  in  length  (or  short  sections 
of  longer  parallels  which  have  to  be  treated  independently  because  of 
abrupt  ehuige  in  conditions)  with  power  circuits  of  50,000  volte  or  over, 
where  it  is  impracticable  to  obtain  an  adequate  balance  by  the  looation 
of  transpositions  in  accordance  with  the  limit  specified  above,  the  com- 
pany owning  or  operating  the  telephone  line  involved  shall  have  the 
right  to  Bpeeify  the  number,  type  and  location  of  transpositions,  pro- 
vided the  distance  specified  betweeoi  successive  transpositions  is  not 
less  than  one-half  mile. 

"When  necessary  (dne  to  variations  in  lengths  of  telephone  transposi- 
tion sections)  in  order  to  secure  an  adequate  balance,  a  reduction  of  10 
per  cent  in  the  limiting  distances  between  successive  power  circuit 
transpositions  as  given  above  shall  be  allowed. 

In  the  case  of  a  parallel  between  a  power  line  and  a  telegraph  line 
or  other  groanded  communication  circuit,  the  location  of  the  transposi- 
tions in  the  power  line  shall  be  with  due  regard  to  the  limits  of  the 
parallel  in  order  to  form  as  nearly  as  practicable  a  balanced  system. 
The  loeation  and  type  of  such  transpositions  shall  be  as  specified  by 
the  commnnication  company,  subject  to  the  condition  that  the  trans- 
positions in  the  power  circuit  may  not  be  required  to  be  less  than  one 
mile  apart. 

In  no  case  shall  the  power  company  be  required  to  relocate  poles  or 
towers  for  the  transpositions. 

The  parties  concerned  in  any  proposed  parallel  shall  endeavor  to 
agree  upon  a  transposition  scheme  for  such  parallel  in  accordance  with 
the  above.  In  the  event  of  a  disagreement,  the  matter  shall  be  referred, 
to  the  Railroad  Commission  of  the  State  of  California. 
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e.  TrOnaposifions  Outside  Limits  of  Parallel.  In  addition  to  ttans- 
positions  within  the  limits  of  a  parallel,  as  provided  in  "d"  hereof, 
each  new  power  circuit  isolated  from  ground  (or  extension  of  such 
existing  circuit)  which  is  coDBtmcted  subaequent  to  the  date  when  these 
rales  become  effective,  shall  be  transposed  throughout  its  entire  length 
in  such  manner  as  to  balance  the  electrostatic  capacities  to  earth  of  its 
several  conductors,  so  as  to  avoid  inequalities  among  the  voltages  to 
earth  of  the  several  conductors,  which  would  create  inductive  inter- 
ference. Such  transpositions  shall  not  be  more  than  eight  miles  apart, 
provided,  however,  that  circuits  lesa  than  three  miles  in  length  are  not 
required  to  be  transposed  until  they  are  extended  to  a  greater  length; 
except  that  extensions  or  spurs  from  existing  lines,  the  electrostatic 
capacities  to  earth  of  whose  conduetora  are  balanced,  shall  be  so  con- 
structed as  not  to  change  materially  the  balance  of  the  existing  lines  to 
which  they  are  connected. 

f.  XJniformity  of  Parallel.  To  facilitate  the  application  of  effective 
transpositious,  both  parties  shall  endeavor  to  maintain  uniform  separa- 
tion, uniform  arrangement  of  conductors  and  uniform  relative  location 
of  the  two  classes  of  circuits  within  the  limits  of  a  parallel.  However, 
when  it  is  feasible  to  secure  a  substantial  increase  of  separation  between 
the  two  lines  for  a  considerable  portion  of  a  parallel  this  shall  be  done, 
as  such  an  increase  of  separation  is  of  more  benefit  than  uniformity. 

g.  Transformer  Connections.  (1)  On  any  power  circuit  involved  in 
a  parallel,  no  grounded  single-phase,  or  grounded  open-star  transfonnor 
connections  shall  be  employed. 

NoTi. — This  does  not  apply  to  railroads  operating  altematlnK  current  traUeya  with 
ground  return  which  are  oovarad  by  V. 

(2)  On  a  power  circuit  involved  in  a  parallel  no  star-connected  trana- 
formers  or  auto-transformers  with  grounded  neutral  shall  be  employed, 
unless  delta- connected  secondary  or  tertiary  windings  or  other  equiva- 
lent means  are  used  of  suppressing  the  third  harmonic  componenta  of 
the  residual  voltages  and  currents  introduced  by  the  transformers. 

(3)  Where  single-phase  loads  are  connected  to  a  polyphase  power 
circuit  involved  in  a  parallel  the  power  company  shall  endeavor  to 
arrange  successive  connections  of  this  type  so  as  to  equalize  the  loads 
upon  the  several  phases. 

(4)  On  a  three-phase  circuit  involved  in  a  parallel,  the  power  company 
shall  use,  wherever  practicable,  a  closed-delta  connection  in  preference 
to  an  open-delta  connection,  and  where  the  latter  is  employed  an  effort 
shall  be  made  to  distribute  such  connections  equally  upon  the  several 
phases. 

h.  Switch  Equipment.  A  power  circuit  involved  in  a  parallel  shall 
be  equipped,  between  the  source  of  supply  and  the  parallel,  with  oil 
switches,  all  poles  of  which  shall  be  mechanically  interconnerted  for: 
simultaneous  action.  With  the  exception  of  stations  where  an  operator 
is  constantly  on  duty,  these  switches  shall  be  rendered  automatic  for 
short-circuits,  grounds,  end  abnormal  neutral  currents. 

i.  Svfitching.  All  switching  on  all  parts  of  a  system  connected  to  a 
circuit  involved  in  a  parallel,  which  causes  harmful  transient  disturb- 
ances in  communication  circnita,  shall  be  done  by  means  of  oil  switches, 
all  poles  of  which  arc  mechanically  interconnected  for  simultaneotu 
operation. 
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j.  Use  of  Air  Switches.  The  Dse  of  air  switches,  on  a  j}ower  oircuit 
icTolTed  in  a  parallel,  is  prohibited  except  for  purposes  of  isolating 
sections  of  dead  line,  or  for  disconnecting  transformers  under  no  load. 
This  applies  to  the  entire  power  system,  any  circuit  of  which  is  involved 
in  a  parallel,  unless  such  snitching  is  so  remote  as  not  to  cause  harmful 
transient  disturbances  in  the  commTinieation  circuits. 

k.  Abnormal  Conditions.  A  power  circuit  involved  in  a  parallel 
shall  not  be  operated  at  any  time  with  an  open,  grounded  or  short- 
circuited  line  wire  or  wires  or  transformer  winding. 

1.  Devices  for  Indicating  Abnormal  Conditions  on  Systems  Isolated 
from  Ground.  If  a  power  circuit  involved  in  a  parallel  is  electrically 
isolated  from  ground,  reliable  indicating  devices  shall  be  installed  at 
its  source  of  supply  to  inform  the  operator  immediately  of  abnormal 
ctHiditions,  sach  as  grounds  and  wherever  possible,  open-circuits,  which 
have  not  operated  automatic  switches.  Upon  indication  of  trouble  by 
such  devices,  the  operator  shall  immediately  open  the  oil  switches  and 
proceed  in  the  manner  outlined  in  "m." 

m.  Procedure  Under  Abnormid  Conditions.  In  case  of  the  opening 
of  an  oil  switch  due  to  an  abnormal  condition  in  a  power  circuit 
involved  in  a  parallel,  or  any  circuit  supplying  or  supplied  by  the 
same,  such  switch  may  be  closed  once ;  if  opened  a  second  time  due  to 
tlie  continuance  of  the  fault  or  abnormal  condition,  said  switch  ahall 
not  be  closed  again  until  the  line  has  been  seetionalized.  The  fault  may 
then  be  located  by  energizing  sections  of  line,  provided  that  further 
sectionalization  of  the  line  be  done  in  such  sequence  as  to  cause  the 
mtniTTiTiTTi  disturbance  to  parallel  communication  circuits,  and  provided 
fiirther  that  where  practicable  the  faulty  section  of  line  shall  be  ener- 
gized but  once  in  this  process  of  sectionalization,  where  the  fanlt  exists 
within  or  beyond  the  parallel,  until  such  fault  is  remedied. 

n.  Ammeters  in  Neutral  Ground  Connections.  Wherever  a  neutral 
ground  conneetion  is  employed  on  a  circuit  involved  in  a  parallel  an 
unmeter,  suitable  for  measuring  as  accurately  as  pr8CticfiJ)le  the  car- 
rent  in  the  neutral  under  normal  operating  conditions,  shall  be  installed 
in  all  neutral  connections  at  the  main  generating  and  substations  on  the 
power  system  electrically  connected  to  the  circuit  involved  in  the 
parallel.  The  power  company  shall  maintain  a  record  of  hourly  meas- 
nrements  of  the  neutral  current  at  all  such  points. 

o.  Charging  Electrol^iic  Lightning  Arresters.  Where  a  power  sys- 
tem is  equipped  with  electrolytic  lightning  arresters  so  charged  as  to 
eause  inductive  interference  in  communication  circuits,  the  method  of 
charging  the  arresters  shall  be  modified  to  eliminate  the  disturbances 
as  far  as  possible.  The  charging  of  such  lightning  arresters  shall  be 
done  at  such  time  as  to  give  the  minimum  liability  of  interference  with 
oommnnication  circuit  operation,  preferably  between  the  hours  of  2  a.  m. 
and  4  a.m. 

p.  Wave  Form  of  Rotating  Machines.  The  power  company  shall 
make  every  effort  to  obtain  generators  and  synchronoas  motors  for  use 
on  all  parts  of  the  system,  giving,  es  nearly  as  reasonably  possible,  pure 
sine  waves  of  voltage  at  ftrndamentaJ  frequency.  In  no  case  shall  the 
deviation  from  a  pure  sine  wave  exceed  the  limit  set  forth  in  the  Stand- 
ardizati<H)  Rules  of  the  American  Institute  of  Blectrical  Engineers. 

q.  Exciting  Current  of  Transformers.  In  order  that  the  wave 
shapes  of  voltage  and  current  may  be  distorted  as  little  as  practicable 
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by  tranfiform^rs,  the  main  line  transformers  employed  on  circuits  iu- 
Tolved  in  a  parallel  and  on  future  extensions  of  Hueh  circuits  shall  have 
an  exciting  current  as  low  as  is  consistent  with  good  practice,  and  in 
no  case  shall  the  esciting  current  at  rated  voltage  exceed  ten  per  cent  of 
the  full  load  current.  Such  transformers  shall  not  be  operated  at  more 
than  ten  per  cent  above  their  rated  voltage. 

III.    Pbovisions  Applying  to  Existing  Farallbls. 

The  following  sections  of  11  shall  apply  also  to  power  circuits  involved 
in  existing  parallels:  b,  i,  j,  k,  1,  m,  o,  p,  and  q.  Also,  g-3  and  g-4 
shall  apply  to  existing  parallels  to  the  extent  that  trausfonners  added 
hereafter  shall  be  connected  as  provided  in  said  rules. 

rv.    Waivbb  op  Conditions  bt  Cohhunication  C!ompant. 

At  the  option  of  the  company  operating  the  communication  circuit  or 
circuits  any  of  the  provisions  of  II  and  III  may  be  waived,  provided 
that  such  waiver  does  not  increase  the  hazard. 

V.    PABAiiELisM  With  Alternating  Current  Railways. 

It  is  recognized  that  raijroads  operating  alternating  current  trolleys 
with  ground  return  create  serious  inductive  interference  with  paraUd 
communication  circuits.  In  the  present  state  of  the  art,  no  means  for 
completely  overcoming  inductive  interference  from  such  parfdlds  is 
known,  hence,  they  are  to  be  avoided  if  possible  and  where  unavoidable, 
the  responsibilities  arising  therefrom  must  be  settled  by  mutual  agree- 
ment or  in  case  of  inability  to  agree  the  matter  shall  be  referred  to  the 
Railroad  Commission  of  the  State  of  California. 

Discnssitm  of  Bulee.     (Page  106.) 

It  will  be  noted  from  the  definiticHis  that  the  terms  "power  cipcnit" 
and  "telephone  circuit"  are  used  in  these  rules  in  a  special,  restricted 
Sense. 

(I)  The  first  and  most  obvious  means  of  preventing  inductive  inter- 
ference is  to  avoid  the  close  aaociation  of  power  and  communication 
circuits.  Further,  it  is  recognized  that  in  no  other  way  can  complete 
freedom  from  interference  be  secured.  While,  with  the  ever  increasiDg 
network  of  electrical  circuits  of  all  kinds,  adequate  separation  to  avoid 
interference  is  becoming  increasingly  difficult  to  maintain,  the  committee 
feels  that  the  importance  of  such  separation  justifies  its  being  made  the 
first  premise  in  rules  designed  to  prevent  inductive  interference. 

Notice,  sufficiently  in  advance,  should  be  given  the  other  party  or 
parties  concerned  in  any  proposed  parallel  in  order  that  thorough  con- 
sideration may  be  given  by  both  parties  to  possible  means  of  avoiding 
the  parallel  or,  in  case  the  parallel  can  not  be  avoided,  to  the  necessary 
remedial  measures  to  be  emplc^ed. 

(Il-a)  The  beat  insurance  against  physical  hazard  in  case  of  close 
proximity  is  to  maintain  a  separation  equal  to  the  height  of  the  taller 
line,  thus  avoiding  the  possibility  of  physical  contact  in  case  of  failure. 
In  the  case  of  crossings  and  unavoidable  cases  of  close  proximity  for 
short  distances  extra  strength  construction  is  necessary  as  a  precaution 
against  failure. 
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(Il-b-c)  Ae  has  been  pointed  out  under  the  hettdin?  "Results  Aeconi- 
plished,"  and  more  fully  explained  in  Appendix  II,  page  119,  residual 
voltages  and  currents  are  particularly  troublesome  factors  in  causing 
interference.  Means  to  eliminate  or  reduce  such  reeidnals  in  power 
s>-stemfi  are  highly  important,  and  while  information  at  this  time  does 
not  enable  the  committee  to  formulate  aa  explicit  a  raie  as  is  desirable, 
yet  the  importance  of  the  subject  justifies  its  inclusion  in  the  rules. 
The  acquisition  of  further  information  on  which  to  base  a  more  explicit 
rule  upon  this  subject  is  a  most  important  problem,  the  experimental 
study  of  which  ie  discussed  in  the  following  section  of  this  repo^. 

(Il-d)  Transpositions  properly  located  in  both  power  and  communi- 
cation circuits  offer  the  most  reliable  and  effective  means  for  preventing 
interference  from  balanced  voltages  and  currents  of  power  circuits. 
While  the  inductive  effects  increase  in  severity  for  the  higher  voltEige 
circuits,  due  in  part  to  the  increased  separation  of  the  line  conductors, 
which  renders  more  frequent  transpositions  desirable,  the  mechanical 
difficulties  involved  are  so  great  as  to  overbalance  the  other  reasons  and 
the  rales,  therefore,  provide  for  less  freqaent  tran^ositions  in  the 
higher  voltage  circuits  than  in  the  lower  voltage  eircnits.  A  further 
reason  for  frequent  transpcmitions  in  the  lower  voltage  circuits  is  the 
necessity  of  a  flexible  system  of  transpositions  applicable  to  short 
parallels  which  generally  occur  with  suoh  circuits. 

(Il-e)  The  provision  requiring  transpositions  outside  the  limits  of  a 
parallel  on  systems  electrically  isolated  from  ground  is  an  explicit 
measure  for  carrying  out  the  purpose  of  the  more  general  provision 
given  tinder  Il-b-e,  "Balance  of  Power  System"  and  "Limitation  of 
Sesidnal  Voltages  and  Ourrenta." 

(Il-f )  NoD-oniformity  of  separation  and  type  of  oonetruction  within 
the  limits  of  a  parallel  are  inequalities  which  can  not  in  many  cases  be 
taken  into  account  in  the  design  and  layout  of  transposition  schemes. 
Such  inequalities  tend  to  nullify  the  effectiveness  (^  the  transpositions, 
hence  it  is  desirable  that  they  be  avoided.  A  precautionary  statement 
is  included  in  the  rule  in  order  that  the  possibility  of  securing  a  wide 
separation  for  a  considerable  portion  of  a  parallel  may  not  be  sacrificed 
for  the  sake  of  absolute  uoifonnity  throughout  the  entire  length. 

(ll-g)  Some  types  of  trangfenner  connections  and  methods  of  opera- 
tion give  rise  to  large  residual  voltages  and  currents  and  certain  pro- 
visions of  the  rules  are  designed  to  prohibit  or  restrict  the  use  of  such 
connections  and  methods  of  operation.-  These  rules  may  be  considered 
as  explicit  provisions  complying  with  the  general  provision  in  Il-b-c, 
"'Balance  of  Power  System"  and  "Limitation  of  Rtisidual  Voltages  and 
Currents."  The  sufficiency  of  these  specific  provisions  as  an  insurance 
against  harmful  residual  voltages  and  currents  is  subject  to  future 
determination. 

The  present  information  of  the  committee  docs  not  warrant  the 
definite  recommendation  of  any  one  type  of  connection  or  method  of 
cq>eration  as  beat  from  the  standpoint  of  inductive  interference.  This 
is  true  as  to  the  relative  merits  of  the  two  general  types  of  systems, 
the  erounded  neutral  and  the  isolated  system.  The  advantagas  and 
disadvantages  of  these  general  typea  and  any  modifications  of  these 
types  are  dependent  upon  tieir  inherent  characteristics  in  respect  to 
residuals  and  the  limitatioQS  tmd  control  of  i<enduals  under  both  normal 
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and  abnormal  conditions.  Both  types  are  on  an  equality  with  respect 
to  the  interference  caused  by  balanced  voltages  and  enrrents. 

(Il-k)  Continued  operation  under  certain  abnormal  conditions  is 
possible  in  some  power  systems.  In  particular,  it  is  possible  to  operate 
a  grounded  star-connected  system  with  one  phase  open,  and  it  is  possible 
to  continue  the  operation  of  an  isolated  system  when  one  phase  becomes 
grounded  accidentally.  The  former  gives  rise  to  a  large  residual  current 
and  the  latter  to  a  large  residual  voltage,  both  of  which  are  liable  to 
render  parallel  communication  circuits  inoperative.  For  these  reasons 
the  ru^e  prohibits  such  operation  which,  aside  from  the  coosideration 
of  inductive  interference,  does  not  constitute  good  practice  in  power 
system  operation. 

(Il-h-l-n)  To  provide  that  operation  under  the  abnormal  conditions 
mentioned  above  may  not  continue  without  the  knowledge  of  the  power 
company,  the  rules  specify  that  devices  for  indicating  grounds  shall  be 
installed  on  isolated  systems.  With  respect  to  grounded  star-connected 
systems,  the  rules  specify  with  certain  exceptions  the  automatic  opening 
of  switches  by  abnormal  neutral  currents.  In  such  systems  ammeters 
are  required  in  all  main  neutral  ground  connections.  Such  aznmeters, 
read  regularly,  afford  means  of  detecting  abnormal  neutral  currents 
and  are  of  value  in  showing  the  degree  of  balance  of  the  system,  as  the 
neutral  current  is  easily  affected  by  unbalanced  conditions. 

(Il-m)  Accidental  causes  give  rise  to  occasional  abnormal  conditions. 
These  can  only  be  guarded  against  by  good  construction  and  mainte- 
nance, and  careful  operation  which,  however,  can  not  prevent  entirely 
such  occurrences.  When  trouble  develops  on  a  power  circnit  involved 
in  a  parallel,  it  is  always  liable  to  cause  serious  interference  to  the 
communication  circuits,  if  the  exposure  is  severe.  In  the  present  state 
of  the  art,  the  method  of  fault  location  on  power  circuits  is  a  process  of 
repeated  secttonalization  and  enei^ization  of  the  faulty  line  until  the 
fault  is  located  within  certain  linuts.  This  process  causes  repeated 
interruptions  with  loss  of  time  in  the  operation  of  the  communloation 
oireuits,  and  in  the  case  of  telephone  circuits  is  accwnpanied  sometimes 
by  injury  to  the  operators.  It  should  be  explained  that  the  loss  of  time 
is  much  greater  than  the  duration  of  the  disturbance,  owing  to  the  time 
required  to  restore  the  protective  devices  on  the  communication  circuits 
to  their  normal  condition.  No  method  of  locating  faults  on  power  cir- 
cuits is  known  which  meets  the  requirements  of  practice  and  yet  avoids 
the  disadvantages  of  the  present  method.  The  inductive  disturbances 
due  to  fault  location  can  be  to  a  considerable  degree  ameliorated  by 
disconnecting  the  faulty  line  from  the  rest  of  the  system  and  energizing 
this  line  by  a  single  generator  at  such  excitation  aa  may  be  necessary 
to  overcome  the  insulation  of  the  fault.  Whenever  practicable  this 
method  is  employed  by  power  companies ;  hence,  it  has  not  beai  thought 
necessary  to  cover  it  by  a  specific  rule. 

In  view  of  these  facts,  the  committee  is  recommending  the  limitation 
of  the  present  practice  in  this  regard  so  as  to  avoid,  as  far  as  aeema 
practicable,  the  repeated  interruptions  to  communication  circuit  opera- 
tion. It  is  highly  desirable  that  some  better  method  of  fault  location 
be  developed,  not  only  because  of  the  attendant  consequences  of  the 
present  method  on  communication  circuits,  but  also  because  of  the 
abnormal  strains  to  which  the  power  apparatus  is  necessarily  subjected. 
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(Il-h-i-j)  Normal  switching  operations  on  power  circuits  produce  at 
times  severe  transient  disturbances  in  parallel  communication  circuits. 
The  commonly  recognized  fact  that  oil  switches  produce  leas  severe 
transient  distnrbances  in  power  circuits,  affords  the  basis  for  the  pro- 
visions in  the  rules  dealing  with  switches  and  switching.  The  auto- 
matic features  required  are  designed  to  prevent  continued  operation 
under  abnormal  conditions. 

(II-o)  Transient  disturbances  of  severe  nature  to  telephone  circuits 
are  sometimes  caused  by  the  charging  of  electrolytic  lightning  arresters. 
There  are  available  methods  of  diminishing  the  transients  due  to  this 
eaose,  and  a  general  provision  to  the  effect  that  such  methods  shall  be 
employed  when  necessary  is  included  in  this  rule.  It  is  further  pro- 
vided that  the  charging  of  arresters  should  be  done  at  times  when  the 
telephone  circuits  are  least  used. 

(Il-p-q)  Fundamentally,  interference  to  telephone  circuits  by  power 
circuits  in  normal  operation  is  largely  due  to  the  existence  of  harmonics 
in  the  currents  and  voltages.  While  the  complete  elimination  of  these 
harmonics  seems  impracticable,  still  beneficial  results  may  be  obtained 
by  practical  efforts  in  this  direction,  and  the  committee  feels  that  the 
two  general  provisions  as  to  the  wave  form  of  rotating  machines  and 
the  exciting  current  of  transformers  are  of  great  importance  both  from 
a  practical  standpoint  and  also  as  enunciating  a  general  principle. 
The  matter  of  generator  wave  form  particularly  is  of  importance  for 
all  types  of  systems.  The  provision  with  reference  to  the  exciting 
current  of  transformers,  while  desirable  in  all  cases,  is  particularly 
80  on  groanded  star-connected  systems. 

(in)  Certain  of  the  measures  in  II,  particularly  those  referring  to 
power  ^stem  operation,  which  are  helpful  in  mitigating  inductive  inter- 
ference have  been  recommended  to  apply  to  existing  parallels. 

(IT)  Since  these  rules  are  designed  for  the  protection  of  communica- 
tioD  circuits,  it  is  proper  that  the  companies  operating  such  circuits  be 
given  the  right  to  waive  any  measures  of  protection  which  they  may  in 
any  particular  case  consider  unnecessary. 

(V)  The  committee  has  undertaken  no  investigation  of  eases  of  par- 
allelism with  alternating  current  railways,  but  as  the  seriousness  of  this 
class  of  exposure  is  recognized,  it  was  thought  desirable  that  it  be 
referred  to  specifically. 

Fntore  Worit. 

The  further  work  necessary  in  order  to  secure  the  information  essen- 
tial as  a  basis  of  determining  more  explicit  and  effective  rules  than 
those  herein  recommended,  is  particularly  concerned  with  the  subjects 
of  transpositions  and  residual  voltages  and  currents.  In  order  to  cover 
these  subjects  in  as  effective  and  economical  a  manner  as  possible  it  is 
thought  that  the  procedure  should  be  along  the  following  lines : 

1.  Experimental  study  of  traaspositions  which  includes  the  deter- 
miuatioD  of: 

(o)  The  practical  effectiveness  of  transpositions  in  both  power 
and  eommmiication  circuits  as  a  means  of  reducing  induction  aris- 
ing from  balanced  voltages  and  currents;  involving  considerations 
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of  different  co-ordinated  transposition  schemes,  particolarly  with 
different  lengths  of  power  circnit  barrels. 

(ft)  The  practical  effectiveness  of  transpositions  in  comnmnca- 
tion  circuits  as  a  means  of  reducing  inductive  interference  arising 
from  residual  voltages  and  currents;  involving  cousiderationa  of 
different  systems,  particularly  different  lengths  of  balanced  com- 
munication circuit  transposition  sectiona. 

(c)  The  influence  of  imperfect  electrical  balance  of  communica- 
tion eircuits  in  impairing  the  effectiveness  of  transpositions. 

(d)  The  practical  effectiveness  of  transpositions  in  a  power 
circuit  isolated  from  ground  as  a  means  of  balancing  the  electro- 
static capacities  to  earth  of  the  several  eonductors,  aad  thereby 
reducing  residual  voltages  and  currents;  involving  considerations 
of  the  relative  efSeiency  of  different  lengths  of  power  circuit 
barrels. 

2.  Experimental  study  of  the  causes  and  effects  of  residuals, 
including : 

(a)  A  comparison  of  the  different  types  of  power  system  con- 
nection and  apparatus  in  common  use  and  their  characteristics  in 
respect  to  the  production  of  residuals,  particularly  harmonic 
residuals. 

(h)  Means  to  be  employed  in  limiting  residual  voltages  and 
currents. 

(c)  A  determination  of  the  minimum  values  of  residual  voltages 
and  currents  which  will  produce  harmful  inductive  interference. 

It  is  thought  that  these  two  studies  could  progress  simultaneously. 
The  work  indicated  under  (1)  could  best  be  done  on  an  actual  parallel 
selected  to  be  as  uniform  and  as  free  from  secondary  disturbances  as 
possible.  Some  preliminary  work  has  been  done  along  these  lines 
which  indicates  the  best  methods  of  procedure,  and  this  should  facili- 
tate the  carrying  out  of  the  investigation. 

The  study  mentioned  under  (2)  consists  m  part  of  an  investigation 
of  the  characteristics  and  magnitudes  of  residual  voltages  and  currents 
in  typical  power  systems,  both  those  with  grounded  neutrals  and  sys- 
tems entirely  isolated  from  ground.  A  part  of  the  study  of  residuals 
is  logically  related  to  the  study  of  transpositions  and  could  be  carried 
out  in  connection  with  the  study  outlined  under  (1)  and  at  the  same 
time  and  place. 

In  addition  to  the  above  the  committee  has  already  arranged  for  the 
investigation  of  the  two  following  subjects: 

1.  A  determination  of  the  detrimental  effect  of  extraneous  cur- 
rents on  a  telephone  circuit  as  a  function  of  the  frequency  includ- 
ing a  determination  of  the  maximum  amount  of  extraneous  current, 
of  different  frequencies  and  combinations  of  frequencies,  which  is 
allowable  in  a  commercial  telephone  circuit. 

2.  A  determination  of  the  effects  of  extraneooa  current  of  differ- 
ent amounts  and  characteristics,  in  limiting  the  speed  of  telegraph 
operation. 

This  work  is  now  in  progress. 
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HARMONICS. 


Any  ecHuplex  electrical  wave  of  periodio  strccture  may  be  resolved 
into  compooent  sine  waves  of  suitable  amplitades  and  phase  differences, 
having  frequencies  which  are  in  integral  relation  to  the  fundamental 
frequency.  The  simple  sine  wave  of  lowest  frequency  is  termed  the 
fundamental,  and  those  of  higher  frequency  are  termed  harmonics  of 
the  fundamental  wave.  The  fundamental  may  be  considered  the  first 
harmonic.  The  analysis  of  a  periodic  wave  into  its  constituent  nne 
waves  or  harmonies  is  not  merely  a  mathematical  c<mception  or  process 
but  is  in  accordance  with  the  facts  of  electricity  and  acoustics. 

In  general,  alternating  current  systems,  by  virtue  of  their  inherent 
characterifitics,  do  not  permit  the  existence  of  harmonics  other  than 
odd  integral  multiples  of  the  fundamental  frequency,  i.  c,  3d,  5th,  7th; 
9th,  11th.  etc.,  harmonics.  Such  harmonies  may  exist  in  either  or  both 
the  current  and  voltage  waves  of  a  power  system. 

Commercial  frequencdes  of  power  transmission  in  California  are  25, 
50  and  60  cycles  per  second.  The  power  systems,  so  far  investigated, 
operate  at  a  fundamental  frequency  of  60  cycles  per  second.  The 
investigation  has  shown  harmtmic  currents  and  voltages  of  appreciable 
magnitude  up  to  the  35th  harmonic.  On  one  system  the  23d  (corre- 
sponding to  a  frequency  of  1,380  cycles  per  second)  has  been  found  to 
he  prominent.  Induced  currentB  and  voltages  in  parallel  oommnni- 
cstion  circuits  have  been  observed  corresponding  to  these  harmonics. 

The  detrimental  effect  of  the  induced  voltages  and  currents  in  parallel 
ctmunnnication  circoita  depends,  in  general,  upon  their  magnitude  and 
npon  the  frequency  of  the  induction  as  compared  with  the  operating 
frequency  of  the  oommunication  circuit.  The  presence  of  extraneous 
current  of  a  frequency  approaching  that  of  norma)  operating  frequency 
of  the  comtnunication  circuit  has  a  more  injurious  effect  than  the  same 
amount  of  current  of  a  frequency  far  removed  from  the  operating 
freqaency  of  the  circuit. 

The  frequency  of  the  voice  currents  flowing  in  a  telephone  circuit 
ranges  from  about  200  cycles  per  second  up  to  possibly  2000  cycles  per 
second.  The  average  voice  frequency  is  considered  to  be  approximately 
800  cycles  per  second,  and  at  about  this  frequency  the  telephone  receiver 
is  moet  sensitive.  It  is  on  account  of  these  considerations  that  extrane- 
ous currents  of  the  higher  frequencies,  arising  from  the  harmonics 
of  a  power  system,  are  relatively  more  detrimental  to  telephone  service. 
The  harmonics  of  the  power  systems  have  been  found  to  be  responsible 
tor  the  greater  portion  of  the  inductive  interference  to  telephone 
service,  under  normal  operating  conditions  of  parallel  power  circuits. 
Any  extraneous  current  of  a  frequency  within  the  audible  range  pro- 
duces a  disturbance  which  impairs  the  efficiency  of  a  telephone  circuit. 
The  combined  effects  of  all  extraneous  currents  present,  of  frequencies 
within  the  range  of  audition,  constitute  the  humming  "noise"  heard 
in  the  receiver  of  a  telephone  circuit  which  is  subject  to  induction. 

The  effect  of  currents  of  the  fundamental  frequency  (60  cycles  or 
less)  on  telephone  circuits  is  relatively  unimportant  as  compared  to  that 
of  higher  harmonics,  owing  to  the  fact  that  the  fundamental  approaches 
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the  lower  limit  of  audible  frequencies.  However,  if  the  induction  due 
to  the  fuudamental  becomes  suMeieatly  great,  constituting  a  physical 
hazard,  or  of  such  magnitude  as  to  operate  the  protective  devices  on 
the  telephone  circuits  or  interfere  with  superimposed  telegraph  service 
or  otber  grounded  signaUing  devices,  it  is  then  of  great  importance 
from  the  standpoint  of  interference. 

In  regard  to  the  effect  of  extraneous  currents  on  the  operation  of 
telegraph  circuits,  for  reasons  analogous  to  those  given  above,  such 
circuits  are  relatively  more  affected  by  extraneous  enrreuts  of  funda- 
mental frequency  or  of  the  frequencies  corresponding  to  the  lower  har- 
monics such  as  the  3d  and  5th. 

At  the  present  time  the  American  Telephone  and  Telegraph  Company 
is  undertaking,  on  behalf  of  the  Joint  Committee  on  Inductive  Interfer- 
ence, an  extensive  series  of  tests  in  regard  to  the  detrimental  effect  of 
extraneous  currents  of  various  frequencies  on  the  intelligibility  of  tele- 
phone conversation.  In  addition,  this  company,  in  conjunction  with 
the  Western  Union  Telegraph  Company  and  the  Postal  Telegraph  Cable 
Company,  is  undertaking  an  investigation  of  the  effect  of  extitmeons 
currents  on  the  operation  of  telegraph  circuits  and  apparatus  of 
different  types. 

Harmonic  currents  and  voltages  in  power  circuits  arise  from  many 
causes.  Generators  or  other  rotating  machines  do  not,  in  general,  pro- 
duce pure  sine  waves  of  fundamental  frequency.  This  is  due  to  several 
features  in  the  design  of  the  apparatus.  A  certain  amount  of  distortion 
of  wave  form,  with  the  consequent  introduction  of  disturbing  harmonics, 
is  inherent  with  the  use  of  transformers.  This  distortion  of  wave  form 
is  due  to  hysteretie  action  in  the  iron  core  of  the  transformer.  The 
distortion  varies  in  character  and  magnitude  with  the  saturation  and 
characteristics  of  the  iron  employed.  Certain  connections  of  trans- 
formers are  possible  which  wiU  suppress  the  third  harmonic  and  its 
multiples  in  a  three-phase  power  system.  The  fact  that  practically  all 
inductive  interference  to  telephone  circuits  is  due  to  the  harmonic 
onrrents  and  voltages,  renders  it  important  that  an  effort  be  made  to 
obtain  rotating  machinery  for  use  in  power  systems  which  produces  as 
nearly  as  is  reasonably  possible  pure  sine  waves  of  fundamental  fre- 
quency, and  also  that  an  effort  be  made  to  obtain  transformers  and  to 
arrange  connections  of  the  same  in  such  a  manner  as  to  reduce  as  far 
as  practicable  the  distortion  of  wave  form. 
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APPENDIX  II. 

BALANCED  AND   RESIDUAL   VOLTAGES  AND  CURRENTS. 
This  appendix  comprises  the  four  following  sectione  ■. 

L  AdbIj-bIb  of  Voltages  and  Currents  and  Discussion  of  the  Effect*  ol  Their 
ComponeDts. 

2.  Gbobcb  of  Residual   VolUsa  and  CnrrMitB. 

3.  Means  for  PreTpnting  or  BeducLng  Besidoal  Voltag««  and  Carrenta. 

4.  DiacutsioD  of  Tests. 


To  facilitate  the  analysis  of  inductive  effects  in  parallel  commnnica- 
tion  circnits,  arigiog  from  a  power  circuit,  the  voltages  and  currents  of 
the  power  circuit  can  be  conveniently  regarded  as  consisting  of  c<»n- 
poaents  which  exhibit  distinct  characteristics  and  which  may  be  treated 
separately. 

Considering  a  three-phase  circuit  having  equal  voltages  between  any 
two  conductors,  the  voltages  to  ground  from  the  conductors  can  be 
resolved  into  two  seta  of  components,  balanced  components  and  residual 
components.  Since  the  voltages  between  any  two  conductors  are  equal, 
the  voltages  between  the  conductors  may  be  graphically  represented  by 
three  vectors  forming  an  equilateral  triangle.  The  potential  of  the 
ground  may  be  represented  by  a  point  which  may  be  inside  or  outside 
of  the  triangle  depending  on  the  magnitude  and  character  of  the  resi- 
dual voltage,  and  the  actual  voltages  to  ground  from  the  conductors 
may  be  represented  by  three  vectors  drawn  between  the  point  represent- 
ing the  ground  potential  and  the  corners  of  the  triangle.  The  balanced 
components  of  the  voltages  to  ground  from  the  conductors  consist  of 
three  equal  voltages  whose  vector  sum  is  zero  and  which  are  therefore 
displaced  one-third  cycle  in  time  phase  with  respect  to  one  another. 
These  balanced  components  may  be  represented  by  three  vectors  drawn 
from  the  center  of  the  equilateral  triangle  to  the  comers.  The  residual 
components  of  the  voltages  to  ground  from  the  conductors  consist  of 
three  equal  voltages  which  are  in  phase  with  one  another  and  which  may 
be  represented  by  three  identical  vectors  drawn  from  the  point  repre- 
senting the  ground  potential  to  the  center  of  the  equilateral  triangle. 
If  the  residual  voltage  is  zero  the  point  representing  the  ground  poten- 
tial will  be  at  the  center  of  the  triangle.  The  residual  voltage  of  the 
system  is  defined  as  the  vector  sum  of  the  voltages  of  the  three  conduc- 
tora  to  ground.  It  is,  therefore,  by  definition,  three  times  the  residual 
voltaj^  of  the  individual  conductors,  or  three  times  the  equivalent 
single-phase  voltage  of  the  three  conductors  in  parallel  with  respect  to 
the  earth.  It  should  be  noted  that  the  inductive  effect  of  the  residual 
voltage  is  equal  to  that  of  a  single-phase  voltage  between  ground  and 
the  three  eonduetOTB  in  parallel,  equfU  to  the  residual  voltage  of  the 
individaal  conductors,  or  to  one-third  the  residual  voltage  of  the  system. 

If  one  conductor  is  grounded  the  residual  components  (assuming  the 
voltages  between  wires  remain  unchanged)  will  each  equal  the  voltage 
between  conductors  divided  by  the  square  root  of  three,  and  the  residual 
voltage  of  the  system  will  be  equal  to  the  voltage  between  conductors 
multiplied  by  the  sqttare  root  of  three.  ,  .  , 
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If  a  power  circuit  consists  of  a  single  conductor  vith  ground  return, 
the  residual  voltage  will  be  equal  to  tbe  voltage  from  the  conductor  to 
ground. 

The  curreDts  flowiug  in  the  three  wirBH  of  a  three-phase,  three-wire 
circuit  can  be  considered  to  be  composed  of  three  sets  of  currents; 
namely,  (1)  balanced  components  consisting  of  equal  currents  in  each 
of  the  three  line  wires  whose  vector  sum  is  zero,  and  which  are,  there- 
fore, displaced  one-third  cycle  in  time-phase  with  respect  to  one  another; 
(2)  a  single-phase  current  Sowing  in  a  loop  composed  of  two  of  the 
line  wires;  (3)  a  residual  current  divided  equally  between  the  three 
line  wires  and  returning  through  the  earth.  The  residual  curroit  of 
the  three-phase  circuit  is  defined  as  the  vector  sum  of  the  three  line 
currents.  It  is,  therefore,  the  equivalent  of  a  single-phase  current 
flowing  through  the  three  line  conductors  in  parallel,  with  the  earth 
completing  the  circuit. 

In  the  case  of  a  power  circuit  consisting  of  a  single  conductor  with  a 
ground  return  the  entire  current  flowing  in  the  conductor  is  residual. 

In  the  above  discussion,  reference  is  made  to  three-phaae,  three-wire 
power  circuits,  but  the  analysis  there  given  may  be  geaerelaeA  so  as 
to  apply  to  a  power  system  of  any  number  of  phases.  Most  electrical 
power  transmission  systems  are  of  the  three-phase,  three-wire  typ«  and 
subsequent  statements  will  apply  particularly  to  snch  systems,  unless 
otherwise  stated. 

At  a  point  in  the  vicinity  o£  a  power  circuit,  such  as  might  represent 
the  location  of  an  element  of  a  communication  circuit  c(mductor,  the 
resultant  electromagnetic  field  due  to  the  balanced  currents  would  be 
zero  if  the  power  circuit  conductors  were  equidistant  from  the  point 
(disregarding  the  effect  of  the  earth).  In  general,  the  power  cirenit 
conductors  are  not  exactly  equidistant  from  such  point,  and  therefore 
the  resultant  electromagnetic  fleld  due  to  balanced  currents  is  nut  zero. 
Por  this  reason,  the  balanced  currents  in  the  power  circuit  have  un- 
equal  effects  on  the  communication  circuit,  hence  there  is  a  resultant 
induction.  For  residuals,  there  is,  in  general,  a  much  greater  inequality 
in  the  distances  between  the  affected  conductors  (or  circuits)  and  the 
sides  of  the  residual  circuit  (power  conductors  in  parallel  one  side,  earth 
other  side)  than  in  tbe  distances  to  the  several  power  conductors,  which 
constitute  the  circuit  for  the  balanced  components.  Thus  the  resultant 
electromagnetic  fleld  due  to  residual  currents  is  large  in  comparison 
with  the  field  set  up  by  balanced  currents  of  the  same  magnitude.  It 
may  be  noted  that  the  electromagnetic  forces  at  any  point  due  to 
residual  currents  in  the  different  power  conductors  are  in  the  same  time- 
phase,  hence  the  inductive  effects  of  all  the  residual  components  are 
cumulative  and  not  differential  as  in  the  case  of  the  balanced 
components. 

In  a  similar  way  it  may  be  shown  that  residual  voltages  produce 
proportionately  far  greater  inductive  effects  than  balanced  voltages. 

Computations  based  on  the  physical  characteristics  of  two  of  the 
parallels  investigated  show  that,  for  an  exposure  near  Salinas  for  eight 
miles  with  a  55,000-volt  line  on  the  opposite  side  of  the  county  road 
from  a  communication  line,  one  ampere  of  residual  current  produces  as 
much  induction  in  a  ground  return  communioation  circuit  as  would 
forty  amperes  of  balanced  current ;  and  (me  volt  residual  pFoduces  as 
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mxich  induction  as  one  hundred  and  ten  volts  balanced.  Similar  com- 
putations based  on  the  physical  characteristicB  of  an  exposure  between 
Santa  Cruz  and  Watsonville,  where  the  comraunication  circuits  are 
parallded  for  seventeen  miles  by  a  22,000-voIt  line  on  the  opposite  aide 
of  the  county  road,  show  that  one  ampere  residual  produces  as  much 
indnetion  in  a  ground  return  commimioation  eirciiit  as  would  two 
hundred  and  forty  amperes  of  balanced  current ;  and  one  Tolt  residual 
produces  as  much  induction  as  ten  volts  balanced.  All  of  the  above 
comparative  values  are  for  currents  and  voltages  of  sixty  cycl^ 
frequency. 

The  above  values  illustrate  the  relative  induction-producing  powers  of 
balanced  and  residual  currents  and  voltages  in  two  specific  cases.  Such 
values  will  varj-  eonaiderably  for  different  parallels,  but  these  cited  may 
be  taken  in  a  general  way,  as  indicative  of  the  relative  severity  of  the 
effects  on  a  single  conductor  produced  by  these  two  factors.  Such 
values  for  s  unit  length  of  non-transposed  circuit  in  any  given  parallel, 
are  dependent  upon  the  separation,  height,  and  oonfiguration  of  the 
eonduetors  of  the  two  classes  of  circuits,  and  upon  the  character  and 
condition  of  the  ground  and  neighboring  objects.  For  the  entire 
parallel,  or  total  length  of  exposore,  these  values  are  further  dependent 
upon  transpositions.  The  actual  amount  of  induction  arising  from 
each  of  the  two  components  depends  also  upOQ  the  actual  magnitodea 
and  the  frequencies  of  the  components  in  the  power  circuit. 

It  will  be  shown  in  Appendix  III,  page  130,  that  inductive  interfer- 
ence arising  from  balanced  currents  and  voltages  can  be  reduced  by 
proper  transpositioDS  in  the  power  circuit,  but  that  power  circuit  trans- 
positions do  not  reduce  the  inductive  interference  produced  in  a  parallel 
communication  circuit  by  residuals.  Residual  currents  and  voltages  act 
inductively  to  produce  the  same  effects  as  a  single-phase  groimded  circuit 
operating  with  the  three  line  conductors  in  parallel.  This  generally 
represents  the  worst  possible  condition  from  the  standpoint  of  inductive 
interference.  Transposing  the  conductors  of  the  power  circuit  can  not 
reduce  the  inductive  interference  arising  from  residuals,  except  in  so 
far  as  the  magnitude  of  the  residual  voltages  and  currents  is  reduced 
l^  sncli  transpositions.  The  effect  of  power  circuit  transpositions  on 
the  magnitude  of  these  components  is  discussed  below. 

In  the  detailed  discussion  of  transpositions  in  Appendix  III,  page  130, 
it  is  shown  that  transpositions  in  a  comraunication  circnit  can  reduce 
the  induced  voltages  from  residuals  only  as  between  the  two  sides  of  a 
metallic  circuit. 

In  view  of  the  above  it  is  evident  that  attention  must  be  given  to  the 
problem  of  restricting  residuals  to  amounts  which  do  not  cause  material 
interference  either  to  grounded  communication  circuits  or  to  properly 
transposed  and  balanced  metallic  circuits. 

2.     CauMS    of    Rasrdual    Voltages   and   Currants. 

While  a  degree  of  balance  of  the  voltages  and  currents  of  the  power 
system  may  be  obtained  which  satisfies  all  the  practical  demands  of 
power  operation,  this  may  not  be  suflScient  to  prevent  the  production  of 
residuals  sufficient  to  cause  serious  inductive  interference  to  parallel 
communieatioD  circuits. 
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Residual  currents  and  voltages  may  arise  from  one  or  more  causes 
which  act  singly  or  together.  The  principal  sources  of  residual  cur- 
rents and  voltages  are, 

1.  Unbalanced  loads  between  the  three  phases  and  the  neiztraJ 
of  a  grounded  star-connected  system. 

2.  The  introduction  of  the  third  harmonic  and  its  odd  multiples 
as  rcaidual  current  and  voltage  due  to  certain  apparatus  and  con- 
nections employed  on  a  grounded  star-connected  system, 

3.  Unbalanced  capacity  and  leakage  between  the  several  phases 
of  the  system  and  ground.  This  applies  more  particularly  to 
syatemfl  isolated  from  ground. 

There  are  two  principal  types  of  eommereial  three-phase  power  cir- 
cuits used  in  California. 

1.  The  grounded  neutral  circuit  or  netwoi^,  in  which  all  import- 
ant generating  points  have  a  grounded  neutral  and  in  which  aiX  or 
part  of  the  receiving  points  may  be  connected  with  a  grounded 
neutral.  No  resistances  are  inserted  between  the  neutrals  and 
ground. 

2.  The  isolated  circuit  or  network,  which  normally  has  no  metal- 
lic connection  to  ground  at  any  poiut. 

The  characteristics  of  the  grounded  neutral  system  with  particular 
reference  to  residuals  are  as  follows: 

TTNII8B  NouiAL  CojfDTnovt. 

(o)  The  impedances  between  line  conductors  and  ground  are  deter- 
mined very  largely  by  the  load  impedances  of  the  transformers.  With 
balanced  loads  the  residual  voltage  other  than  the  third  harmonic  and 
its  odd  multiples  may  be  eliminated. 

■  (6)  The  effect  of  unbalanced  loads  on  the  residual  voltage  is  small, 
as  the  tendency  of  generators  and  transformers  is  to  maintain  equal 
voltages  between  the  several  conductors  and  ground. 

(c)  "With  balanced  loads  the  residual  current,  other  than  the  third 
harmonic  and  its  odd  multiples,  may  be  eliminated. 

{d)  Unbalanced  loads  between  line  and  neutral  cause  corresponding 
residual  currents,  which  will  be  large  if  the  unbalance  is  large,  as  such 
unbalanced  load  currents  flow  through  the  neutral  to  earth. 

(e)  The  varying  permeability  of  the  iron  in  star-connected  trans- 
formers with  grounded  neutrals  introduces  the  third  harmonic  and  its 
odd  multiples  as  residual  voltages  and  currents.  The  use  of  delta- 
connected  seeondary  windings  reduces  this  effect  greatly  below  that  of 
star  to  star-connections. 

(/■)  Grounded  star-connected  generators  connected  directly  to  the 
line  or  through  grounded  star  to  star-connected  banks  of  transformers, 
may  introduce  the  third  harmonic  and  its  odd  multiples  as  residual 
voltages  and  currents. 

TJKDEB  ASNORMAI.  COKDmONB. 

ig)  A  ground  on  one  phase  short  circuits  that  phase  through  the 
neutral  connection  and  causes  a  residual  current  throughout  the  whole 
length  of  the  circuit,  this  current  being  practieafly  equal  to  the  short- 
circuit  current  to  ground  on  that  portion  of  the  circuit  between  the 
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sooTces  of  power  supplj'ing  the  fault  and  tlie  point  where  the  circuit  is 
grounded.  A  large  residual  voltage  (approaching  as  maximum  58  per 
cent  of  the  voltage  between  phases)  will  be  created  in  proximity  to  the 
fault  and,  if  the  low  tension  side  of  the  receiving  transformers  is  star- 
connected,  throughout  that  portion  of  the  circuit  between  the  fault  and 
sneh  receiving  transformers.  If  the  neutral  of  the  receiving  trans- 
formers is  isolated,  the  Bhort-eircuit  current  will  exist  only  between  the 
source  of  supply  and  the  fault  and  there  will  be  no  residual  current 
between  the  fault  and  such  receiving  tranaformers.  The  above  men- 
tioned residual  voltage  will  in  this  case  exist  not  only  in  proximity  to 
the  fault  on  the  supply  side  but  also  throughout  the  length  of  circuit 
from  the  fault  to  the  receiving  transfonnera.  The  power  circuit  is 
rendered  inoperative. 

(k)  An  open  condition  of  one  phase  causes  a  la^e  residual  cnrrent, 
as  the  nnbalanced  load  currents  of  the  other  two  phases  must  flow 
through  the  neutral  to  earth.  A  large  residual  voltage  will  exist  beyond 
the  fault  if  the  low  tension  side  of  the  receiving  transformers  is  star- 
connected.  The  power  circuit  may  not  be  rendered  inoperartive  for 
three-phase  supply  beyond  the  fault,  in  case  the  receiving  transformers 
are  grounded  star-delta  connected. 

The  characteristics  of  the  isolated  system  with  particular  reference 
to  residuals  are  as  follows : 
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(ff)  The  impedances  between  line  conductors  and  ground  are  de- 
termined by  the  electrostatic  capacities  and  the  leakage  between  the 
several  conductors  and  ground.  With  balanced  loads  a  residual  voltage 
may  exist,  due  to  nnbalanced  capacity  and  leakage.  Such  residual  vol- 
tage as  is  due  to  unbalanced  capacity  may  be  eliminated  by  transposing 
the  circuit  so  as  to  equalize  the  electrostatic  capacities  to  ground  of  the 
several  phases.  If  there  are  single-phase  branches  making  the  total 
lengths  of  the  three  conductors  unequal,  this  will  introduce  inequalities 
among  the  capacities  to  ground  which  it  may  not  be  possible  to  balance 
by  transpasitions.  Inequalities  in  capacity  or  leakage  result  in  uneijual 
voltage*  between  the  different  line  conductors  and  ground. 

(fc)  The  effect  of  unbalanced  loads  on  the  residual  voltage  is  very 
slight. 

(c)  With  balanced  loads  a  small  residual  current  consisting  of  un- 
balanced charging  current  may  flow  due  to  non-tmiform  distribution  of 
nnbaUnced  capacity  and  leakage. 

(d)  Unbalanced  loads  have  but  a  slight  effect  upon  the  residual 
current. 

(e)  The  transformers  can  not  introduce  the  third  harmonic  and  its 
odd  multiples  as  residual  voltages  or  currents. 

Nur».— E>UB  to  unayni metrical  three-phase  connectlona  sometimes  employed  (sucli 
At  op^D-delta  and  Scott  connecttoDB)  the  thtrd  harmonic  and  Its  odd  muItlpipB  may 
appcBT  In   the  votts^ea  between  IlneB  and  In  the  line  currents,  creaClns  dlaalmlltirltlea 

Tol^ses  and  curreota  arc  ^ected  iy  itnbalanced  capacity  and  leaka^n  In  the  iiatne 
way  aa  am  other  components  as  may  appear  In  the  rpsfauals.  It  should  tie  noted, 
howtm  that  fluch  harmonics  are  not  ImprcsBed  directly  upon  the  line  as  restduaia, 
«a  Id  Uie  ca«e  with  Krouuded  oeatral  sratepa 
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(f)   The  geoerators  can  not  introduce  the  third  harmonic  and  its  odd 

multiples  as  residual  voltages  and  currents. 

NoTB. — If  a  two-phaae  generator  containing  a  third  harmonic  In  Its  voltaBe  wave 
BuppUes  tho  line  througb  Scott  or  other  two  to  Ihree-pbase  transformer  connections 
the  third  harmonic  will  appear  In  the  voltage  between  llnea.  Subject  to  the  condlUona 
of  the  circuit  a£  regards  capacity  and  leakage  balance,  this  harmonic  along  with  all 
others  may  or  may  not  appear  In  the  residuals. 

Under  Abrobmai.  CoNDiTiONa. 

{g)  A  ground  on  one  phase  eauaes  a  large  residual  voltage  (173 
per  cent  of  the  voltage  between  phases)  throughout  the  entire  length  of 
the  circuit.  A  residual  current  will  be  created  in  proximity  to  the 
fault,  its  magnitude  increasing  with  the  extent,  voltage  and  frequency 
of  the  system.  The  power  circuit  may  not  be  rendered  inoperative  and 
the  power  company  operators  may  be  unaware  of  the  existence  erf  the 
abnormal  condition.  In  some  eases  the  residual  voltage  and  currents 
are  greatly  augmented  by  the  resonant  effects  accompanying  arcing 
grounds. 

(h)  An  open  condition  of  one  phase  may  cause  a  large  residual 
voltage,  a  certain  amount  of  residual  current  will  flow,  due  to  the  inter- 
change of  unbalanced  chaining  current,  between  sections  of  line  on 
either  side  of  the  fault.  The  power  circuit  is  rendered  inoperative  for 
three-phase  supply  beyond  the  fault. 

A  consideration  of  the  characteristics  of  the  two  types  of  systems 
indicates  that  under  normal  operating  conditions  with  balanced  loads 
upon  all  phages,  the  residuals  of  the  grounded  neutral  system  may  be 
limited  to  the  third  harmonic  and  its  odd  multiples.  The  magnitude 
of  these  harmonica  is  dependent  largely  on  the  type  of  connection  on  the 
low  tension  side  of  the  transformer  banks,  the  delta  being  preferable 
to  star-connection.  Under  the  same  condition  the  residuals  of  the 
isolated  system  may  be  limited  to  those  resulting  from  unbalanced 
leakages  to  ground,  which  should  be  small  on  a  well  maintained  system. 
The  effect  of  an  unbalance  in  the  loads  connected  between  conductors 
upon  the  residuals  of  either  type  of  system  is  small,  while  the  effect  of 
an  unbalance  in  the  loads  connected  between  conductors  and  ground 
iipou  a  grounded  neutral  system  is  to  cause  a  residual  current  which, 
is  proportional  to  the  amount  of  such  unbalance  which  will  be  large  if 
the  unbalance  is  severe.  The  residual  current,  due  to  this  cause,  con- 
sists of  the  fundamental  and  all  harmonics  present  in  the  line  currents, 
in  addition  to  which  tbe  third  and  its  odd  multiples  are  introduced  as 
before  by  the  varying  permeability  of  the  transformer  iron,  and  in  some 
cases  by  the  generators. 

Under  abnormal  conditions  both  types  of  systems  give  rise  to  residuals 
which  are  liable  to  cause  interruption  and  damage  to  parallel  communi- 
cation circuits.  The  moat  frequent  abnormal  condition  which  produces 
severe  interference  is  an  accidental  ground.  A  ground  on  one  phase  of 
s  grounded  star-connected  system  creates  a  severe  and  widespread 
electromagnetic  unbalance,  giving  rise  to  corresponding  inductive 
effects.  This  is  accompanied  by  an  electrostatic  unbalimce  in  the 
vicinity  of  such  ground.  On  the  lower  voltage  systems  this  latter  effect 
is  relatively  of  little  importance.  On  the  other  hand,  a  ground  on  one 
phase  of  an  isolated  system  creates  a  severe  and  widespread  electro- 
static unbalance,  giving  rise  to  corresponding  inductive  effects.     This  is 
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Mcompanied  by  an  electromagaetic  imbalance  in  the  vicinity  of  the 
ground.  On  small  low-voltage  isolated  systeuis,  anch  electromagnetic 
unbalance  is  relatively  of  little  consequence,  but  it  should  be  noted  that 
with  increased  voltage  and  extent  of  the  system  such  effects  do  become 
o£  great  importance,  giving  rise  to  electromagnetio  disturbances  in 
exposed  communication  circuits  in  addition  to  the  electrostatic  dis- 


The  magnitude  of  the  inductive  effecte  from  either  type  of  system 
is  dependent  upon  the  character  of  the  exposure,  extent  of  the  power 
circuit  and  other  factors  which  render  it  impossible  with  the  iufomuitioQ 
at  band  to  draw  a  deiinite  conclusion  as  to  the  relative  total  amounta 
of  interference  inherent  with  the  two  types  of  system.  Furthermore, 
it  is  not  necessarily  true  that  either  type  of  uonnectiou  has  an  advantage 
from  the  inductive  iuterferenee  standpoint  for  power  systems  of  all 
uses  and  voltages. 

3.    Means   for    Pr»venting    or   Raduoing    Rasidual   Volt«a«*  and  Current*. 

To  mlniimize  or  prevent  residual  voltages  and  currents  due  to  cause 
1,  it  is  necessary  to  equaliee  as  elosely  as  praotioable  at  all  points  the 
load  between  the  several  phases  of  the  circuit  and  the  neutral,  or  t<> 
remove  tb6  ground  path  for  unbalanced  Load  currents,  thus  allowing  a 
grounded  neutral  at  one  end  of  the  circuit  only.  As  it  is  difficult,  if 
not  impossible,  to  maintain  all  loads  in  a  state  of  eqailibriuBi  aX  aU 
times,  the  latter  method  has  the  advantage  of  greater  reUsbility. 

■Single-phase  conivectioos  to  ground  should  not  be  employed.  Where 
single-phase  loads  or  unbalanced  three-phase  loads  must  be  supplied, 
the  transformers  supplying  such  loads  may  be  connected  acrc«s  the  line 
wires,  or  may  be  cpnnected  star  to  d^lta,  with. the  neutral  not  grounded. 
It  should  be  noted  that  single  phase  or  unbalanced  three-phase  loads  on 
the  low  tension  or  delta  aide  of  grounded  star  to  delta-connected  trans- 
formers produce  effect?  on  the  high  tension  side  similar  qualitatively 
to  single-phase  loads  between  line  and  ground,  but  these  effects  are 
greatly  reduced  in  magnitude  by  the  inherent  balancing  influence  of 
transformers  so  connected,  due  to  the  fact  that  all  three  transformers 
participate  in  supplying  such  a  singlje-pbase  loadv 
-  Kesidnals  which  arise  from  cause  2  may  be  greatly  reduced  by  roeans 
of  certain  types  of  connections  for  generators  and  transformers.  Thus, 
for  example,  connectiiig  the  secondary  wiudiogs:  of  the  transformer 
baoks  in  delta  largely  suppresses  these  components  of  the  residue 
raltage  and  currest  but  does  not  entirely  prevent  them.  Where  the 
trausfonners  are  eonnected  grounded  star  to  Star,  these  cconponents  can 
b^  to  a  certain  extent,  kept  out  of  the  lins  by  the  use  of  a  second  bank 
of  transformers  having  a  delta  connection  on  one  side  and  a  star  con- 
iKCfion  on  the  side  in  common  with  the  first  bank  with  the  neutrals 
iatereonnected.  ^ 

Tie  poesibiJity  of  the  mtroduction  of  third  harmonic  residuals  on  the 
line  dae  to  the  use  of  grounded  star-connected  generators  may  be 
avoided  by  tbe  employment  of  transformers  between  generators  and 
.■  xug  windi^S*^  *^  ^^  generator  side  of  the  trauKCormers  being 
iwtoted  from  «roo«d. 
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To  eliminate  or  reduce  residual  currents  and  voltages  which  may  be 
due  to  cause  3,  it  ia  necessary  to  transpose  the  conductors  of  the  power 
circuit  so  as  to  equalize  the  electrostatic  capaeitjes  of  the  aereral  phases 
to  ground,  and  this  equalization  must  be  attained  within  distances 
sufficiently  short  to  prevent  the  accumulation  of  large  unbalances.  With 
a  horizontal  arrangement  of  conductors,  the  capacities  to  ground  are 
more  nearly  equal  than  with  the  triangular  or  vertical  arrangement.* 
It  is  probable  that  the  electrostatic  capacities  are  the  controlling  factors 
in  determining  the  residual  voltage  and  current  of  an  isolated  system 
under  normal  operation,  and  while  an  investigation  of  the  extent  to 
which  such  residuals  may  be  reduced  by  properly  spaced  transpositions 
has  not  as  yet  been  made,  it  is  reasonable  to  suppose  that  transpositious 
will  be  substantially  effective.  The  effect  of  unbalanced  leakage  can 
not  be  controlled,  except  through  proper  construction  and  maintenwce 
of  the  power  system.  It  is  to  be  noted  that  the  maintenance  of  the 
system  free  from  accidental  grounds  and  partial  grounds  becomes  in- 
creasingly difficult  the  larger  the  extent  of  the  power  network. 

On  a  grounded  star  connected  system,  the  electrostatic  capacity  and 
the  leakage  of  the  several  phases  to  ground  are  relatively  less  effective  in 
producing  residual  voltage,  as  on  such  systems  the  voltages  to  ground 
are  determined  almost  entirely  by  the  generatora  and  transformers. 


Having  given  a  general  analysis  of  the  causes  and  effects  of  and 
means  to  reduce  residual  currents  and  voltages,  it  is  desir^le  to  call 
attention  to  the  results  of  tests  which  have  been  conducted,  which  have 
a  bearing  on  this  subject. 

At  Salinas  the  effect  of  gronnding  or  isolating  the  neutral  of  the 
auto-transformers,  which  have  also  a  secondary  delta  winding,  was 
investigated.  These  auto-transformers  are  supplied  at  55,000  volts  over 
a  transmission  line  which  parallels  the  cirtmits  of  The  Paeifle  Telephone 
and  Telegraph  Company  in  what  have  been  termed  exposures  No.  1 
and  No.  2.  These  aUto-transformers  in  turn  supply  a  33,000-volt  line 
of  the  Coast  Valieys  Gas  and  Electric  Company,  extending  from  Salinas 
to  King  City,  a  distance  of  approximately  45  miles,  and  paralleling 
throughout  practically  this  entire  length,  the  coast  route  toll  lead  of 
The  Pacific  Telephone  and  Telegraph  Company.  These  same  telephone 
circuits  are  involved  in  the  parallels  with  the  55,000-volt  line  north  of 
Salinas.  In  addition  to  supplying  the  King  City  line,  this  bank  of 
auto-transformers  at  Salinas  supplies  a  22,000-volt  line  extending  to 
Monterey,  a  distance  of  approximately  18  miles.  Aside  from  the  ground 
on  the  transformer  neutral  at  Salinas,  there  are  no  grounds  on  either  the 
33,000-volt  line  or  the  22,000-volt  line.  The  55,000-volt  line  supplying 
the  Salinas  transformers  is  energized  at  the  Quadalupe  substation  of  the 
Sierra  and  San  Francisco  Power  Company,  approximately  73  miles  dis- 
tant  from  Salinas  through  grounded  star-connected  auto-transformers, 
which  have  delta- connected  secondary  windings,  and  which  are  supplied 
by  the  104,000-voIt  lin?  of  this  same  system  which  operates  with 
grounded  neutral  connections  at  its  main  generating  station  and  sub- 
stations. It  will  be  understood  from  this  statement  of  conditiona  that 
the  neutral  current  at  Salinas  is  not  identical  with  the  residual  current 
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of  any  one  of  the  three  high-tension  lines  which  are  connected  together 
by  these  auto-transformers.  The  condition  of  the  Sahna«  neutral  affects 
tie  induction  arising  from  the  several  exposures  through  its  effect  on 
the  residual  currents  and  voltages  of  the  high  tension  lines  connected  to 
the  auto-transformers  at  that  point.  A  representative  value  of  the 
neutral  current  at  Salinas  during  these  tests  is  0.3  ampere.  It  is 
composed  almost  entirely  of  the  ninth  harmonic,  the  fundamental  and 
the  third  harmonic,  their  magnitudes  decreasing  in  the  order  named. 
With  the  power  system  in  normal  operation,  isolating  the  neutral  of  the 
auto-transformers  at  Salinas  did  not  greatly  affect  the  resultant  induc- 
tion in  the  particular  exposures  nnder  observation.  The  values  in  the 
following  table,  taken  from  the  data  of  the  tests,  indicate  the  effect  of 
the  condition  of  this  neutral  on  the  residual  currents  of  the  55,000-volt 
and  the  33,000-volt  lines.     ■ 

Reaidual  Current  at  Salina*— Amp«r«. 


UON-HMllB* 

a3.M«'to»UD4 

OltKrtt 

MM»I.tli.Il». 

VmtnJ  U  MBdu 

arHod.)     {n...(tw.<M 

Omiodcd     JNria'inundod 

1                aiW              0/157  ,           Om              0.078 
S               OJBSt             0.160             0.076              O.UO 
»              OjOTS            0.100            0.130            tjm 

Two  reasons  may  be  given  for  the  fact  that  the  condition  of  the 
Salinas  neutral  does  not  greatly  affect  the  resnltant  residual  current  of 
these  lines:  (1)  The  load  balance  on  these  lines  is  auoh  that  a  rdatirely 
small  amount  of  load  current  flows  through  this  neutral;  (2)  As  three 
high  tension  hnes  are  connected  together  by  these  anto-transformen^ 
opening  their  neutral  connection  to  ground  does  not  completely  elim- 
inate the  path  for  the  residual  enrrent  of  any  one  of  the  three  lines, 
since  it  may  then  Sow  to  earth  through  the  admittance  to  groond  of 
the  other  two  lines. 

These  particular  conditions  are  not  eomnonly  found  but  a  similav 
condition,  in  that  there  is  a  path  to  groimd  for  residual  current  aside 
from  the  neutral  connection,  prevails  In  any  ease  where  the  power 
circuit  extends  for  a  considerable  distance  beyond  snch  neutral  con- 
nection. The  investigation  showed,  for  the  conditions  which  applied  to 
the  55,000-volt  line,  that  removing  the  neutral  ground  connection  be- 
yond the  parallel  decreased  the  fundamental  and  increased  the  third 
and  ninth  harmonics  in  the  residual  current,  as  shown  in  the  above 
table.  It  is  not  to  be  concluded,  however,  from  this  one  case  that  the 
third  harmonic  and  its  odd  multiples  in  the  residual  current  would  in 
all  eases  be  increased  by  removing  the  neutral  ground  connection  of  a 
bank  of  receiving  transformers  where  the  circuit  extends  beyond  the 
point  of  measurement  of  such  residual  <?urrent.  If  the  circuit  is 
terminated  at  the  transformer  bank,  the  removal  of  the  neutral  ground 
connection  must  eliminate  the  residual  current  at  that  point. 

In  the  ease  of  the  33,000-volt  line,  the  grounding  of  the  neutral  at 
Salinas  merely  gave  another  and  nearer  grounded  neutral  point  on  the 
line  rapplying  power,  but  did  not  give  a  grounded  neutral  point  in 
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each  direction  from  the  point  of  measurement  of  the  residuals,  as  it 

did  in  the  case  of  the  55,000-voIt  line.  As  the  33,000-volt  line  has  no 
ground  connection  beyond  Salinas,  the  residual  current  must  flow  to 
ground  entirely  through  the  admittance  of  this  line  to  ground.  The 
residual  current,  therefore,  diminishes  to  zero  at  the  King  City  end  of 
the  line.  Isolating  the  neutral  of  the  Salinas  transformers  affects  the 
constituents  of  the  residual  currents  in  this  line  arising  from  the  Salinas 
transformers  and  those  impressed  by  the  5o,000-yolt  line,  in  such  a 
way  that  they  combine  veetorially  to  give  a  different  resultant  from 
th^  with  the  Salinas  neutral  grounded.  The  result  is  to  increase  the 
fundamental  and  third  harmonic  and  to  decrease  the  ninth  harmonic 
when  the  neutral  is  isolated.  The  residual  current  in  the  22,000-voIt 
line  was  not  determined,  but  residual  voltage  meastirements  were  made 
with  the  Salinas  neutral  isolated  and  grounded  and  the  results  are  in- 
cluded in  the  following  table,  from  which  it  may  be  noted  that  the 
fundamental,  third  ajid  ninth  hamcoiies  were  all  greater  with  the 
Salinas  neutral  isolated. 

The  banks  of  star-connected  auto-tranaformers  at  the  Quadalnpe 
and  Salinas  substations  are  provided  with  closed-delta  secondary  wind- 
ings, which  in  the  case  of  Salinas  supply  power  for  local  consumption. 
An  experimental  opening  of  the  delta  at  Salinas  demonstrated,  as  would 
be  anticipated,  that  the  use  of  such  delta-connected  secondary  windings 
reduces,  in  a  large  measure,  the  third  hannonic  introduced  by  these 
transformers  in  comparison  with  its  value  without  the  use  of  such 
delta-connected  windings.  If  grounded  star-connected  transformers 
are  used,  it  is  important,  therefore,  from  the  standpoint  of  induction, 
to  provide  such  transformers  witii  closed-delta  connected  secondary 
windings  or  witi  other  means  of  reducing  the  third  harmonic  and  its 
odd  multiples.  Such  means  may,  however,  in  some  cases  be  insufficient 
io  reduce  the  residuals  to  ^ch  low  values  that  they  will  not  produce 
harmful  induetiv*  interference  to  parallel  communication  circuits. 

The  investigation  on  the  system  of  the  Coaat  Counties  Gas  and 
Electric  Company  shows  results  which  are  suKunarized  in  the  following 
table  with  reference  to  the  residual  current  and  residual  voltage.  Santa 
Cruz,  where  the  measurements  were  made,  is  20  miles  from  one  source 
»f  supply  and  75  miles  from  the  other  end  of  the  line  where  power  was 
alse  supplied.  For  the  sake  of  comparison  the  averages  of  the  residual 
Toltage  of  the  22,000-voH  line  between  Salinas  and  Monterey,  a  distance 
of  IS'miles,  are  also  given:  .  , 
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The  system  of  the  Coast  Counties  Gas  and  Electric  Company  ia 
isolated  from  groimd  and  employs  a  number  of  Scott-connected  and 
open  delta-connected  transformers.  The  residuals  at  Santa  Cruz  on 
this  E^'stem  are  composed  principally  of  fundamental,  ninth  and 
eleventh  harmonics.  The  fundamental  is  predominant.  The  third 
harmonic  is  absent  or  too  small  to  measure  accurately.  It  should  be 
noted  here  tliat  the  use  of  Scott  and  open  delta-connected  transformers 
pennitfi  the  third  harmonic  and  ita  odd  multiples  to  exist  in  the  line 
voltages  and  currents  of  a  three-phase  isolated  system.  In  all  prob- 
ability the  residuals  on  this  system  are  caused  by  unbalanced  admit- 
tances to  ground  of  the  power  line  conductors.  As  has  already  been 
pointed  out,  that  part  of  the  unbalance  due  to  electrostatic  capacity 
could  be  greatly  reduced  by  properly  spaced  transpositions  in  the  power 
circuit.  In  contrast  to  the  results  at  Salinas,  the  residuals  of  this  sys- 
tem exhibit  a  prominent  fundamental  and  the  absence  of,  or  relatively 
small  amoimta  of,  the  third  harmonic  and  its  odd  multiples. 


■dovGooi^Ic 


INDUmrVB  INTEBFBRENCE. 


APPENDIX  III. 

TRANSPOSITIONS. 

The  sources  of  the  disturbanees  in  conununicatioii  eircuits,  which 
arise  from  parallel  power  eircuits,  have  been  treated  in  the  first  seetioQ 
of  the  preceding  appendix.  The  effect  of  transpositions  on  the  induc- 
tion in  communication  circuits  produced  by  parallel  power  circuits  will 
now  be  considered. 

This  appendix  comprises  the  four  followdng  sections: 

1.  Effect  of  Tranepoeitious  in  ReductDS  IndnctkiD. 

2.  Characteristics  of  Preaent  Transposition   Svstems. 

3.  Characteristics  of  Proposed  Trauapoiitioii   Scbemet. 

4.  Results  «f  Tests.. 

1.     EfFect  of  TranspQiitront  in   Reducing    Induction. 

Transposing  a  circuit  is  the  interchanging  of  the  positions  occupied 
by  the  conductors. 

By  transposing  a  power  line  the  phase  of  the  resultant  electromag- 
netic field,  due  to  balanced  currents  and  the  phase  of  the  resultant 
electrostatic  field  due  to  balanced  voltages  is  changed,  and  the  induction 
is  reduced  by  the  production  of  neutralizing  effects  in  the  neighboring^ 
lengths  of  a  parallel  conductor.  Thus,  by  locating  the  power  circuit 
transpositions  so  that  each  conductor  occupies  all  of  the  several  possible 
conductor  positions  for  equal  disrtances,  a  section  or  "barrel"  is  obtained 
within  which  the  resultant  induction  on  a  parallel  conductor  due  to 
balanced  currents  and  voltages  is  completely  neutralized,  neglecting 
attenuation  and  remanent  electrostatic  effect  and  assuming  the  parallel 
is  uniform  throughout  the  barrel. 

Inasmuch  as  residual  currents  and  voltages  are  in  phase  in  the  sev- 
eral conductors,  the  transposition  of  the  power  circuit  docs  not  reduce 
the  inductive  effects  therefrom  in  a  parallel  conductor,  except  as  the 
magnitudes  of  the  residual  currents  and  voltages  are  reduced  by  the 
power  circuit  transposition,     (See  Appendix  11,  page  119.) 

As  usually  constructed,  the  conductors  of  a  telephone  circuit  are 
close  together  as  compared  with  their  distances  to"  a  power  line,  and 
the  circuit  is  usually  isolated  from  ground.  Could  the  conductors  of  a 
metallic  communication  circuit  be  located  at  the  same  point  in  space,  as 
is  approximately  true  of  a  pair  of  wires  twisted  togeuier,  the  resultant 
electromagnetic  and  electrostatic  induction  between  the  sides  of  the 
communication  circuit  would  be  zero.  The  voltage  induced  along  the 
conductors  of  the  telephone  circuit  and  the  induced  voltage  to  ground 
would  be  present  but  would  not  be  effective  in  producing  any  voltage 
between  the  conductors  of  the  telephone  circuit,  provided  the  capacity 
and  leakage  to  ground  and  series  impedance  of  each  side  of  the  tele- 
phone circuit  were  equal.  On  overhead  lines  the  conductors  of  a 
metallic  communication  circuit  must  be  at  least  several  inches  apart, 
hence  in  general  when  paralleled  by  a  power  line,  the  resultant  electro-  ■ 
magnetic  and  electrostatic  induction  in  the  two  conductors  will  be 
unequal  in  magnitude.  The  result  is  that  a  voltase  exists  between  the 
sides  of  the  circuit  which  causes  a  current  to  flow  in  apparatus  con- 
nected between  the  conductors,  such  as  a  telephone  receiver. 
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Tnmspcsitioiia  in  commuDicatiou  circuits  tend  to  eqiialiae  the  indac- 
tion  io  the  two  sides  of  the  circuits  by  exposing  each  side  equally  to  the 
inHuence  of  the  power  circuit,  that  is,  by  reversing  in  fluecassive  lengtha 
the  pliase  of  the  indaetion  between  the  two  sides  of  the  circuit. 

In  an  expoBore  where  the  induction  from  balanced  currents  and 
voltages  would  be  completely  neutralized  by  the  power  circuit  trans- 
position system  if  there  were  no  communication  circuit  transpomtions,  or 
where  such  induction  would  be  completely  equalized  by  the  communica- 
tion circuit  traniipositions,  if  there  were  no  power  circuit  tranapositions 
this  ioduction  n-ill  practieally  always  be  partially  cumulative  if  both 
power  and  conmitmication  circuit  transpositions  are  installed  without 
due  reference  to  each  other.  It  should  be  noted,  however,  that  the  mazi- 
•mum  disturbances  which  may  be  set  up  in  a  parallel  communication 
circuit  by  balanced  carreats  and  voltages  in  the  power  circuit  will  be 
present  when  neither  the  power  circuit  nor  the  commtmicatioa  circuit 
is  transpcsed.  Hence  it  is  very  important  that  the  power  and  com- 
mnnication  circuit  transpositions  be  properly  located  with  respect 
to  each  other,  and  in  this  way  only  can  the  t"«»'"'"'"  beoefits  from  the 
tran^oaitions  be  derived. 

Induction  from  residual  currents  and  voltages  is  reduced  by  com- 
monieatiflai  circuit  tranopositieDe. 

If  the  communieatioQ  circuit  has  a  ground  return,  it  eac  not  be  trans- 
posed and  the  power  circuit  tran^ositions  alone  will  be  effective  in 
reducing  interference  arising  from  the  balanced  ourreata-  and  voltages. 
Also,  the  induction  into  a  ground  return  communication  circuit  from 
residual  eorrents  and  voltages  is  not  affected  by  transpositions,  except 
indirectly  as  previously  stated.  It  is  poaaible,  though  not  of  general 
practical  application,  to  obtain  the  effect  of  a  transposition  in  a 
frounded  alternating  current  power  or  comtaunication  eireuit  by  means 
of  a  transformer  or  repeating  coil. 

Induction  between  wires  and  ground  is  harmful  to  metallic  as  well  as 
to  ground  return  eircnitB.  for  in  case  the  metallic  circuit  is  not  perfectly 
balanced  electrically,  such  indueed  voltage  forces  a  current  to  circulate 
in  the  metallic  circuit  through  the  termijoal  apparatus.  It  is  not  prac- 
tical to  maintain  communication  circuits  in  a  state  of  perfect  b^anoe 
at  all  times. 

2.    Charaot*ri*tica    of    Pr*Mnt    Trantpoaition    Syatam*. 

The  transposition  systems  used  on  long  distance  metallic  telephone 
circuits  are  designed  primarily  to  reduce  the  "cross-talk"  or  induction 
from  one  telephone  circuit  into  another,  and  provide  for  a  high  degree 
of  balance  between  any  circuit  and  all  others  on  the  line. 

The  teo^h  of  standard  balanced  telephone  transposition  sections  used 
by  The  Pacific  Telephone  and  Telegraph  Company  is  approximately 
et^t  miles  (more  exactly,  41,600  feet)  and  this  is  representative  of 
the  length  of  sections  of  the  traospositton  systems  used  by  other  com- 
panies operating  similar  lines.  To  improve  the  transtnitting  qualities  of 
telephone  circuits  used  for  long  distance  work,  loading  coils  are  intro- 
duced in  certain  circuits  at  Hib  ends  of  the  standard  transposition  sec- 
tions. Uniform  spacing  of  the  tel^hone  "S"  poles  (end  poles  of  trans- 
position sections)  is  an  important  consideration  in  the  application  of 
leading.     It  is  important  that  the  iiMiuction  be  neutralized  in  each  aec- 
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tion  between  loading  points,  aa  these  are  points  of  diseontinnity  ia  the 
eircuits. 

The  system  now  used  alao  provides  for  the  transposition  of  erery 
circuit  at  actual  intervals  ranging  from  one-quarter  mile  to  two  milee, 
the  average  intervals  for  different  circuits  varying  from  approximately 
one^narter  mile  to  three-quarters  of  a  mile,  hence  every  circuit  is  to  a 
oertaio  extent  balanced  to  induction  from  parallel  power  circuits. 

In  addition  to  the  metallic  circuits  composed  of  two  conductors,  the 
telephone  companies  employ  phantom  circuits  which  are  made  up  from 
two  physical  (two  wire)  circuits.  Each  "conductor,"  or  side  of  the 
phantom  circuit,  consists  of  the  two  conductors  which  form  one  physical 
circuit.  As  usually  made  up,  the  physical  eircuita  occupying  adjacent 
horizontal  positions  are  used  for  the  phantom  circuit.  Hence,  the- 
average  distance  between  the  sides  of  the  phantom  circuit  is  equal  to 
twice  the  distance  between  the  condttetors  of  the  physical  circuits.  Dne 
to  the  greater  distance  between  the  sides  of  the  phantom  circuit  as  com- 
pared with  the  physical  circuits,  the  phantom  circuits  are  more  subject 
to  inductive  interference  than  the  physical  circuits.  The  phantom  cir- 
cuit possesses  marked  advantages  in  economy  and  transmission  efficiency 
over  the  physical  circuits  composing  it,  hence  ia  extensively  used  for 
the  longer  distances.  The  transpositions  in  the  phantom  circuits  are 
spaced  at  average  intervals  for  different  circuits,  varying  approximately 
from  three-quarters  of  a  mile  to  two  miles. 

The  purpose  of  transposition  systems  applied  to  power  circuits  has 
been  to  reduce  the  disturbance  in  parallel  communication  circuits  and 
in  some  cases  to  equalize  the  separation  of  the  pairs  of  conductors  form- 
ing the  several  phases.  Usually  when  transpositions  have  been  applied 
to  power  circuits  to  reduce  the  disturbance  in  existing  parallel  commimi- 
cation  circuits,  one  or  more  complete  barrels  have  been  provided  within 
the  total  length  of  the  exposure.  The  best  obtainable  results  from 
power  circuit  transpositions  will  be  had  only  when  they  are  located  with 
due  regard  to  the  transposition  points  of  the  communication  circnit. 
No  such  practice  as  this  has  been  followed  in  the  past.  The  trans- 
position systems  heretofore  applied  to  parallel  power  and  commamcation 
circuits  have  therefore  failed  to  meet  the  requirements  for  maximum 
effectiveness.  Hence,  balanced  currents  and  voltages  in  the  power 
circuits  have,  in  general,  caused  more  disturbance  than  necessary  in 
parallel  communication  circuils. 

3.     Charact«ristica  of  Propoa«d  Transposition   Sohamaa. 

It  wonld  be  possible  to  fulfill  the  conditions  for  balance  with  regard 
to  induction  arising  from  balanced  currents  and  voltages,  by  cutting  a 
"barrel"  into  the  power  circuit  between  successive  communication  cir- 
cuit transpositions.  Inasmuch  as  telephone  transposition  points  are 
ordinarily  Q>aced  at  one-fourth  mile  intervals,  this  solution  in  the  case 
of  a  three-phase  power  circuit  would  necessitate  transpositions  at  an 
average  spacing  of  one-eighth  mile  and  a  minimnm  spacing  of  one- 
twelfth  mile,  which  is  impracticable  in  most  cases. 

It  would  be  possible  to  satisfy  the  conditions  for  balancing  the  indn&- 
tion  in  metallic  circuits,  from  both  balanced  and  residutd  currents  and 
voltages,  by  installing  ajiy  completely  balanced  system  of  communication 
circuit  transpositions  between  each  two  successive  power  circnit  trans- 
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positioiiB.  Aamming  twelve  mile  "barrels"  in  the  power  cireait,  the 
conditiona  for  balftoce  could  be  fulfilled  with  the  present  staadard  tele- 
phone trauBpoeitiou  ayatem.  However,  with  power  circuit  barrels  of  a 
length  such  as  is  esseatial  in  most  parallels,  this  solution  would  require 
the  redesign  and  relocation  of  all  telephone  tran^ositions  in  the  ex- 
posure, involving  several  times  as  many  transpositions  as  are  normally 
required,  with  the  liability  of  interferenoe  with  the  location  of  loading 
eoib. 

Both  the  above  solutions  satisfy  the  conditions  for  balancing  the  induc- 
tion in  metallic  circuits,  arising  from  residuals,  in  lengths  of  circuit 
equal  to  or  twice  the  distance  between  successive  communication  circuit 
transpositions,  assuming  these  are  uniformly  spaced.  In  the  standard 
transposition  section  as  now  used,  balance  is  thus  obtained  in  distances 
var>'ing  from  an  average  of  approximately  one-fourth  to  four  miles. 

Between  these  two  comparatively  simple  but  extreme  solutions  the 
practical  but  more  complicated  solution  for  general  cases  is  to  be 
obtained.  This  involves  the  combination  of  power  circuit  "barrels"  of 
moderate  length  with  a  modified  conunnnication  circuit  transposition 
s>'stem  designed  to  procure  balance  as  far  as  practicable  for  aU  circuits. 
In  this  way  co-ordinated  transposition  systems  may  be  designed  which 
are  sufficiently  flexible  to  meet  the  requirements  of  short  parall^  and 
portions  of  longer  parallels  separated  by  points  of  discontinuity. 

In  the  discussion  above  with  reference  to  schemes  of  transpositions 
the  balances  or  unbalances  mentioned  are  those  which  would  occur,  due 
solely  to  the  relative  locations  of  transpositions  in  an  exposure  whose 
ph>-aical  characteristics  are  uniform  throughout.  Even  with  a  scheme 
of  transpositions,  balanced  in  the  sense  described,  applied  to  both  power 
and  conunnnication  circuits  involved  in  an  actual  parallel,  there  are  a 
number  of  factors  as  noted  below,  which  in  general  are  not  capable  of 
being  taken  into  account  quantitatively  and  because  of  which  effective 
neutralization  may  not  be  obtained.    These  factors  are : 

1.  Xon -uniformity  of  separation,  configuration  and  other  physical 
characteristics. 

2.  Variation  in  magnitude  and  phase  of  the  inducjtive  effects 
along  the  exposure  (applying  particularly  to  the  higher  frequen- 
cies). 

3.  Inherent  inability  of  transpositions  to  completely  neutralize 
electrostatic  induction  (this  remanent  effect  can  be  reduced  as  far 
as  desired  by  inserting  a  sufficient  number  of  transpositions). 

4.  Imperfect  electrical  balance  of  the  communication  circuit. 

While  these  factors  whicR  prevent  complete  neutralization  of  the 
induction  can  not  be  entirely,  eliminated,  their  effects  can  be  abated  by 
reducing  the  length  of  balanced  transposition  sections.  Thus  it  is  not 
sufficient  merely  to  install  transpositions  in  both  lines  so  that  they  are 
balanced  to  each  other ;  but,  also,  it  is  necessary  to  take  into  considera- 
tion the  length  of  section  within  which  balance  is  obtained  and  to  make 
this  length  as  short  as  the  conditions  of  the  particular  case  require. 

Points  of  discontinuity,  such  as  abrupt  changes  in  power  line  current 
where  a  material  amount  of  load  is  taken  off,  cross-overs,  or  substantial 
changes  in  separation,  should,  if  practicable,  be  made  neutral  points 
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(jimctioQ  points  of  balanced  Bections)  in  the  tr&nspoBition  i 
Where  croas-overs  occur  balance  should  in  general  be  obtained  inde- 
pendently for  the  portions  of  the  communication  line  on  each  side  of 
the  power  circuit. 

The  transposition  system  and  the  location  and  spacing  of  transptei- 
tioD  poles  are  factors  of  prime  importance  in  the  suecessfnl  operation 
of  telephone  lines,  on  account  of  the  mutual  effects  among  the  many 
circuits  carried  on  such  lines.  On  the  other  hand,  transpositions  in 
power  circnits  are,  relatively,  of  minor  importance  in  the  operation  of 
a  power  system  and  from  this  standpoint  the  effect  of  small  changes  in 
the  location  of  such  transpositions  is  negligible.  Hence,  in  general,  the 
requirements  of  the  commimication  circuits  are  the  chief  factors  which 
should  govern  the  location  of  all  transpositions  in  both  power  and  com- 
munication circuits. 

An  indiTidual  study  is  necessary  to  determine  the  best  procedure  for 
any  given  parallel  owing  to  the  wide  variation  in  conditions.  Thtra  only 
is  it  possible  in  each  case  to  determine  the  best  location  and  method  of 
transpositions  with  regard  to  the  requirements  of  both  power  and  com- 
munication systems. 

4.    R«*ult*  of  TasU. 

The  investigation  at  Salinas  demonstrated  that  the  induction  in  a 
ground  return  circuit  in  the  exposures  concerned  arises  principally 
from  the  residual  voltages  and  currents,  while  the  induction  in  a  metallic 
circuit  shows  principally  the  characteristics  of  the  balanced  voltages  and 
currents,  together  with  some  effect  from  the  residuals.  This  result  was 
to  be  expected  as  there  are  power  circuit  transpositions  which  reduce 
the  induction  in  the  conductors  used  as  ground  return  circuits,  due  to 
the  balanced  components,  but  these  transpositions  and  the  transpositions 
in  the  telephone  circnits  are  improperly  located  with  respect  to  each 
other  and  therefore  are  inefficient  as  regards  the  induction  in  the 
metallic  circuits.  On  the  other  hand,  the  telephone  transposition  system 
tends  inherently  to  reduce  the  induction  in  the  metallic  circuits,  arising 
from  residuals.  A  study  of  the  relative  location  of  power  and  tele- 
phone cireflit  transpositions  for  exposure  No.  2  at  Salinas,  indicated  that 
by  modifying  the  present  transpositions  of  both  circuits,  it  is  possible 
to  reduce  materially  the  induction  from  balanced  currents  and  voltages. 
Had  it  been  feasible  to  take  the  power  circuit  out  of  service  for  the 
purpose  of  experimental  retransposition,  the  above  scheme  as  well  as 
one  for  the  King  City  exposure,  would  probably  have  been  installed  and 
the  effects  thereof  experimentally  determined.  Under  the  conditions 
existing,  however,  it  was  deemed  advisable  to  postpone  the  matter  of 
transpositions  for  both  these  exposures,  pending  the  acquisition  of 
further  information  as  to  the  extent  to  which  retransposition  would  be 
warranted  as  a  permanent  improvement. 

The  experimental  study  of  transpositions  was,  therefore,  transferred 
to  another  point  where  a  power  line  is  not  the  sole  source  of  supply  and 
can,  therefore,  be  shut  down  for  alterations  and  tests  under  special 
conditions. 

The  experimental  determination  of  the  practical  effectiveness  of 
transpositions  has  not  been  completed.  However,  an  extended  theo- 
retical study  of  transpositions  has  been  made,  including  the  design  of  a 
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modified  telephone  transposition  system.  This  Bystem,  which  requires 
many  additional  transpositions,  is  more  flexible  in  its  properties  of  co- 
nrdination  with  different  lengths  of  power  circuit  "barrels," 

A  stndy  made  to  determine  the  r^ative  efficiency  of  various  schemes 

of  transpositions  designed  for  the  Santa  Cniz-Watsonville  exposure  of 
The  Pacific  Telephone  and  Telegraph  Company's  toll  lead  to  the  22,000- 

volt  line  of  the  Coast  Counties  Gas  and  Electric  Company,  emphasizes 

the  following  general  principles: 

1.  The  necessity  of  proper  relative  location  of  power  and  tele- 
phone circuit  transpocdtions. 

2.  The  importance  of  the  effect  of  croas-ovors  and  the  desirability 
of  making  them  neutral  points  in  the  transposition  scheme.       ' 

3.  The  necessity  of  some  modifications  of  the  telephone  trans- 
position system. 


■dovGooi^Ic 


■  136  INDUOnVB   INTERPBEBNCB. 

APPENDIX  IV. 
APPARATUS. 

For  the  proper  conduct  of  its  testa  and  experiments  the  Joint  Com- 
mittee on  Inductive  Interference  has  secured,  cither  through  purchase 
or  on  loan  account  from  various  power  and  eommunicatioa  interests, 
apparatus  of  an  aggregate  value  of  over  twelve  thousand  dollars. 

The  following  is  a  brief  schedule  of  the  property  in  use  by  this  com- 
mittee, together  with  its  estimated  replacement  value: 

BuildingB  (portable  laboratory) ,.       $480  00 

'  Furniture  and  fistorea 128  00 

Apparatus — 

Oscillograph    fl,115  00 

Oscillator 600  00 

Motor  generator  act 260  00 

Meters   1,202  50 

Batteries   100  00 

Condensers    090  00 

Bridges 675  00 

Gsivanometen    265  00 

Rheostats 784  80 

Switchboards 135  40 

MiecellaneouB  apparatus 1,506  00 

Coils  and  relays 646  00 

Transformers    2,412  50 

Miscellaneous    787  00 

Photographic    293  60    11^20  80 

Grand    total    L..  {12,428  80 

The  above  property  is  owned  by  the  Joint  Committee  on  Inductive 
Interference  and  various  power  and  communication  companies  as 
follows : 

Joint  Committee  on  Indoctive  Interference $1,251  IB 

The    Pacific    Telephone    and    Telegraph    Company    and    American 

Telephone  and  Telegraph  Company 8,203  6B 

Sierra  and  San  Francisco  Power  Company 2,002  50 

San  Joaquin  Ligbt  and  Power  Company 300  00 

Pacific  Gas  and  PJectric  Company 110  00 

Western  Union  Telegraph  Company 235  00 

Testing  force ,  256  50 

Total  ¥12,428  80 


APPENDIX  V. 

Liar    OF -TECHNICAL    REPORTS. 

Refer  to  complete  list  given  in  Appendix  II  of  Final  Report,  pages 

74  to  78. 


APPENDIX  VI. 

ORGANrZATION— JOINT  COMMITTEE   ON    INDUCTIVE   INTERFERENCE. 
Refer  to  Appendix  V  of  Final  Report,  page  84. 
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•Technical  Report  No.  1. 

January  6,  l>lt. 

GENERAL  OUTLINE  OF  TEST  NO.  2  TO  BE  MADE  AT  SALINAS  ON 
PARALLELS  BETWEEN  THE  SIERRA  AND  SAN  FRANCISCO  POWER 
COMPANY,  THE  WESTERN  UNION  TELEGRAPH  COMPANY,  THE 
SOUTHERN  PACIFIC  COMPANY,  AND  THE  PACIFIC  TELEPHONE 
AND  TELEGRAPH  COMPANY. 

YooT  sabcommittee  on  teats  have  considered  in  some  detail  the  testa 
whieh  can  profitably  be  made  at  Salinas  on  the  aboTe-mentioned  par- 
allels, and  have  adopted  the  tests  which  are  outlined  in  this  memoran- 
diim.  "We  feel  that  the  details  of  the  testa  should  be  open  to  modiBea" 
tion  aa  the  work  progresses,  and  that  the  work  which  we  are  here  oot- 
lining  may  suggest  further  teats  which  it  will  be  of  importance  to  make 
oa  these  parallels.  The  report  which  we  are  submitting  now  for  yonr 
approval  should,  therefore,  be  considered  as  a  general  outline  rather 
than  as  a  detailed  description  of  the  tests. 

Kethod  of  Kaldng  Tests. 

In  the  following  paragraphs  we  are  outlining  the  testa  which  should 
be  made  on  the  sigoalling  circoits  for  each  condition  of  the  power  line 
for  which  testa  are  made. 

A — Tests  op  Th^phonb  Cmcurrs. 

The  tests  on  telephone  circuits  are  designed  to  give  quantitative 
information  regarding  the  total  effect  of  the  power  lines  on  the  tele- 
phone eireuita  and  also  regarding  the  effect  of  each  harmonic  in  the 
power  system  on  the  telephone  circuits. 

The  tests  which  we  af-e  outlining  here  are  those  which  the  past  expe- 
rience of  the  Pacific  Telephone  company  indicates  will  most  efficiently 
and  completely  give  the  information  required. 

Preliminary  Work. 
Daring  the  tests  all  of  the  circuits  on  the  telephone  pole  lead  will  be 
disconnected  from  the  rest  of  the  telephone  system  at  each  end  of  the 
exposure  in  order  to  obtain  definite  testing  conditions  and  to  avoid  the 
effects  of  secondary  induction  from  other  parallels  in  the  system.  As 
this  procedure  completely  interrupts  service  over  the  telephone  lead,  it 
will  ordinarily  be  necessary  to  make  the  tests  at  night.  Good  grounds 
will  be  made  at  the  test  poles  at  each  end  of  the  exposed  section  of  the 

•Technical  Reports  Nob.  1  to  SO,  tnclualTe,  were  Blgnea  hy  Mr.  J.  B.  Wooiibrldge. 
aa  the  Chairman  of  the  Subcommittee  on  Tests,  and  Bubse^iuently  approved  by  the 
Mnt  Cotiuii]lte&  Technical  Sepottn  Noo.  El  to  71,  Inclualve.  were  slened  by  Autstant 
Field  Engineer,  Mr.  Llvlnsaton  P.  Ferris,  subsequently  approved  and  sfRnpd  by  PleU 
Boglneer,  Mr.  R  W.  Hanlck,  th«n  by  Mr.  Woodbrldge  and  finally  by  the  Seoretair 
of  the  Jobit  Committee,  Mr.  Arthur  E.  Bridge,  upon  approval  by  the  Joint  GomraC'— 
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telephone  line.  Two  pairs  of  wires  well  insulated  and  well  transposed 
will  be  run  from  the  station  where  the  tests  are  to  be  made  to  the 
telephone  line. 

Condition  Tests. 
Two  telephone  lines  will  ordinarily  be  connected  in  for  test  at  the 
aame  time,  and  where  possible  these  two  circuits  should  be  side  circuits 
of  a  phantom  go  that  these  tegta  may  be  made  at  once  on  two  telephone 
circuits  and  one  phantom  circuit.  The  tests  will  be  made  on  a  large 
enou^  number  of  telephone  circuits  to  insure  that  an  idea  has  been 
obtained  of  the  extreme  and  average  conditions  of  the  lead.  The  tests 
which  we  surest  are  merely  outlined  here  and  will  be  described  in 
detail  in  memoranda,  which  will  be  later  submitted  to  the  Committee 
for  its  records. 

1.  Tests  of  the  capacity  and  insulation  balance  of  each  telephone 

circuit. 

2.  Tests  of  the  total  noise  induced  between  the  wires  of  the  tele- 

phone circuits  measured  by  the  noise  standard. 

3.  Tests  of  the  current  flowing  between  the  telephone  wires  and 

ground  on  short  circuit  and  of  the  voltage  induced  between 
telephone  lines  and  ground  on  open  circuit. 

4.  Observations  of  the  voltage  from  each  power  line  to  ground  and 

also  of  the  residual  voltage ;  that  is,  the  vector  sum  of  these 
three  voltages.  Observations  also  of  the  current  in  each  line 
wire  and  of  the  residual  current ;  that  is,  the  vector  sum  of 
these  three  currents. 

5.  Simultaneous  resonance  analysis  of  the  induction  between  tele- 

phone wires  and  from  telephone  wires  to  ground  on  the  one 
hand,  and, of  the  above  named  voltages  and  currents  in  the 
power  system  on  the  other  hand.  It  may  be  found  unneces- 
sary to  make  resonance  analysis  of  ail  of  the  the  voltages  and 
currents  iu  the  power  system,  but  an^ysia  should  be  made  of 
the  residual  current  and  voltage,  and  also  of  enough  of  the 
single  currents  and  voltages  to  make  sure  that  the  character- 
istics of  these  currents  and  voltages  have  been  determined. 

6.  Oscillograms  made  simultaneously  with  testa  No.  5  and  of  the 

aame  voltages  and  eurrenta  in  the  power  and  telephone  sys- 
tems. Enough  oscillograms  should  be  taken  in  each  teat  to 
get  records  of  the  distinctive  wave  shapes  and  to  check  the 
results  of  the  resonance  analysis.  The  oscillograms  should  be 
purposely  distorted  by  one  of  the  methods  outlined  in  the 
detail  memorandum  so  as  to  make  prominent  the  higher 
harmonics.  Oscillograms  of  the  true  wave  shapes  should  also 
be  made  and  in  each  set  of  tests  a  direct  current  calibration 
shonld  be  taken. 

B — Tests  on  Tbleoraph  Circuits. 
Arrangements  will  be  made  by  which  all  of  the  telegraph  circuits  on 
the  telegraph  line  may  be  opened  at  the  same  time  for  short  periods 

.Google 
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(lormg  which  testa  are  being  made  in  order  to  obtain  definite  testing 
eoDditions,  and  to  eliminate  the  effect  of  secondary  induction.  Arrange- 
ments will  also  he  made  so  that  the  telegraph  wires  may  be  looped  in 
the  substation  one  at  a  time  while  the  tests  are  being  made. 

Tests  sboold  then  be  made  on  each  telegraph  wire  of  the  voltage  to 
gnmnd  with  both  ends  open  eircnited  and  with  the  distant  end  con- 
nected to  ground,  and  of  the  current  flowing  through  the  circuit  with 
both  ends  coonected  to  ground.  A  sufScient  number  of  oscillograms 
sboold  be  taken  to  determine  the  wave  shape  of  the  induced  disturbance 
under  different  conditions. 

These  tests  would  be  carried  out  on  a  lai^  enough  number  of  tele- 
graph wires  to  determine  to  what  extent  the  disturbance  is  diflferent  for 
drcnits  on  different  pin  positions  of  the  telegraph  lead. 

Simultaneously  with  the  above  tests,  observations  should  be  made 
of  the  voltages  and  carrents  in  the  power  line  as  outlined  in  paragraphs 
4,  5  and  6  under  "Teats  on  Telephone  Circuits."  These  observations 
need,  however,  include  only  the  magnitudes  of  the  fundamental  and  of 
the  one  or  two  most  prominent  harmonics. 

In  order  to  determine  to  what  extent  the  telegraph  service  is  dis- 
turbed by  the  measured  extraneous  currents,  it  will  be  necessary  to 
make  tests  of  the  effect  of  given  extraneous  currents  on  telegraph 
equipmeoit  of  various  kinds.  Tour  subcommittee  has  now  under  advise- 
ment the  best  method  of  procedure  for  making  these  tests  and  will 
report  on  this  question  at  a  later  date. 

C — Tests  on  Railroad  Signalunq  Cjbcuits. 
Observations  and  oscillograms  should  be  made  of  the  maximum  alter- 
nating current  induced  in  the  railroad  signalling  circuits  under  different 
conditions.  These  observations  will  be  supplemented  by  tests  of  the 
effect  of  the  alternating  current  on  the  relays  of  the  signalling  circuits. 
These  tests  will  be  similar  to  the  tests  of  the  effect  of  alternating  current 
on  telegraph  apparatus,  and  the  best  method  of  making  them  will  be 
later  reported  by  this  subcontmittee. 

D — itiscaLLANEOUS  Tests. 
It  may  be  found  desirable  to  make  further  tests  on  some  of  the  types 
of  equipment  tised  by  the  Southern  Pacific  Company,  such  as  the  tele- 
graphone,  or  of  other  types  of  circuit  which  are  not  considered  above. 
Tonr  subcommittee  has  this  matter  under  advisement  and  will  report 
any  recommendations  for  such  teats  at  a  later  date. 
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Oonditioiia  of  tb.e  Power  Circuits. 

The  following  is  a.  general  outline  of  the  different  conditiona  of  the 
power  circuits  under  which  tests  should  be  made.  In  this  outliae  no 
attempt  has  been  made  to  go  into  detail,  as  it  is  felt  that  the  detailed 
teats  will  be  modified  according  to  the  exigencies  of  operation  and  that 
additional  tests  will  be  suggested  by  the  results  of  the  tests  here  out- 
lined. 

1.  Tests  with  the  power  line  cut  dead,  to  determine  that  under 

these  conditions  the  signalling  circuits  are  free  from  dis- 
turbances. 

2.  Tests  of  the  induction  under  normal  operating  conditions,  both 

light  load  and  heavy  load. 

3.  The  effect  of  delta  transformer  windings  on  the  induction  in 

signalling  circuits.  These  testa  will  include  the  effect  of 
opening  the  delta  winding  of  the  transformers  at  Guadalope 
substation,  and  if  it  can  be  arranged,  opening  the  delta  wind- 
ing at  Salinas  substation. 

4.  The  effect  of  grounding  the  neutrals.     These  tests  will  include 

the  effect  of  varying  the  number  of  points  at  which  the  neu- 
trals of  star  connected  traiisformers  are  grounded. 

5.  Tests  of  the  effect  of  the  operation  of  the  Monterey  steam  station. 

These  tests  should  be  made  with  the  Monterey  station  paral- 
leled with  the  Stanislaus  station  and  also  with  the  Monter^ 
station  alone  supplying  power  past  certain  of  the  paralleU 
involved. 

6.  Tests  of  the  effect  of  charging  aluminum  lightning  arresters  at 

Stanislaus  power  house  and  at  the  Bay  Shore  substation. 

7.  Tests  of  the  effect  of  switching  high  tension  lines. 

8.  Testa  of  the  disturbance  caused  by  known  residual  voltages  and 

currents.  In  these  tests  the  conductors  of  the  power  line 
involved  in  a  given  parallel  will  be  cut  dead  and  a  known 
voltage  will  be  impressed  between  the  three  power  wires  in 
parallel  and  the  ground.  These  tests  will  be  made  with  60 
cycles  impressed  voltage  and,  if  it  is  practicable  to  obtain  it, 
with  180  cycles  impressed  voltage.  Tests  of  the  effect  of 
unbalanced  current  will  be  made  by  passing  a  known  current 
through  each  of  the  line  wires  with  a  ground  return. 

9.  Tests  with  one  line  wire  grounded.     In  these  tests  the  method 

of  procedure  will  probably  be  to  create  a  ground  on  one  wire 
when  the  line  is  dead  and  then  to  switch  potential  on  the 
circuit. 

We  are  making  preparations  for  the  test  according  to  this  outline, 
and  respectfully  submit  it  for  your  approval. 

(Signed)     J.  E.  WoooBBioaB, 
Chairman  Subcommittee  on  Tests  Nos.  1  and  2. 
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Tecbziical  Beport  No.  2. 

February  B,  1913. 
PROGRESS     REPORT    OF   THE    TESTS    OF    THE    PARALLEL    BETWEEN 
THE    SYSTEMS    OF    THE    COAST    COUNTIES    QA8    AND    ELECTRIC 
COMPANY  AND  THE  PACIFIC  TELEPHONE  AND  TELEaRAPH  COM- 
PANY BETWEEN  MORGAN  HILL  AND  GILROY. 

It  is  the  purpose  of  this  memoraDdum  to  brieflr  summarize  the 
results  and  conclusions  which  can  at  present  be  drawn  from  the  tests 
of  inductive  interference  which  have  been  made  at  Morgan  Hill  on  the 
above-named  parallel. 

Method  of  Tegting. 
The  tests  on  this  exposure  were  made  in  the  mouUi  of  December 
according  to  the  ontline  of  the  method  of  makir^;  tests  on  telephone 
circuits  given  in  the  report  of  the  subcommittee  on  teats  No.  2  couoem- 
ing  the  testa  to  be  made  at  SaUnas,  dated  Jtinuary  6,  1913,*  with  the 
exception  that  no  quantitative  measurements  were  made  according  to 
the  test  described  in  paragraph  5  of  the  outline,  and  no  oscillograph 
records  were  obtained  of  currents  induced  in  the  t^ephone  linos  dnring 
normal  operation  of  the  power  system. 

Effect  of  the  Power  Line  on  Telephone  Circuits. 

The  testa  have  shown  that  under  normal  operating  conditions  of  the 
power  system,  the  potentials  induced  between  the  telephone  wires  and 
ground  are  not  dangerous  or  sueh  as  to  interfere  with  telegr^h  opera- 
tion. The  noise  induced  in  the  telephone  circuits  varies  in  magnitude 
between  five  micro-amperes  or  less  and  one  hundred  micro-amperes,  t 
The  amount  of  noise  is  different  for  different  telephone  circuits  and 
for  different  conditions  of  the  power  line,  and  is  generally  greater 
when  the  power  line  is  fed  from  the  south  than  when  it  is  fed  from 
the  north.  Under  the  abnormal  condition  of  operation,  when  one  wire 
is  grounded,  a  potential  of .  two  or  three  hundred  volts  is  induced 
between  the  telephone  wires  and  the  ground,  and  the  noise  in  the 
telephone  circuits  varies  between  twenty-five  micro-amperes  and  a  value 
considerably  beyond  the  range  of  the  testing  instruments,  t,  c,  150 
m  icro-amperes. 

The  continued  fair  weather  during  this  test  did  not  permit  of  any 
measurements  being  taken  under  rainy  conditions. 

•T.  R.  No.  I. 
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Harmonics  in  the  Power  System. 

The  tests  have  shown  as  a  fondaiuental  fact  that  the  noise  occasioned 
in  the  telephone  circuits  by  this  parallel  is  due  to  a  considerable  number 
of  harmonics  in  the  power  system.  Iq  addition,  it  is  found  that  the 
harmonics  which  are,  prominent  in  the  power  current  and  voltage,  and 
which  are  important  in  producing  noises  in  the  telephone  circuits,  are 
quite  different  under  different  conditions  of  the  power  system.  This 
faflt  is  illustrated,  for  example,  by  OBclUoKram  of  power  waves  No.  36, 
which  shows  a  heavy  thirteenth  harmonic  and  oscillogram  of  power 
wavea  No.  42,  wJtich  shows  heavy  fifth  and  eleventh  harmonics.  The 
work  has  shown  farther  that  the  harmonics  present  in  the  power  wave 
vary  considerably  from  minute  to  minute. 

In  order  to  make  possible  the  measurements  of  these  important 
harmonics,  the  oscillograms  of  potential  were  taken  with  the  vibrator 
of  the  oscillograph  in  series  with  a  condenser  which  is  placed  across 
the  secondary  terminals  of  a  potential  transformer.  Similarly  oscillo- 
grams of  current  were  taken  with  the  oscillograph  placed  in  aeries  with 
a  condenser  which  is  shunted  across  the  terminala  of  a  resistance 
inserted  in  series  in  the  secondary  of  a  current  transformer.  By  this 
means  the  high  harmonics  in  both  the  current  and  potential  waves  were 
exaggerated  on  the  oscillograms  so  that  it  is  possible  to  determine  their 
magnitude  to  a  fair  degree  of  approximation.  The  amount  by  which 
a  given  harmonic  is  exaggerated  can  easily  be  computed  if  it  is  aasmned 
that  the  exaggeration  is  not  affected  by  the  instrument  transformers. 

Some  work  was  done  during  the  tests  at  Morgan  Hill  and  more  is 
now  being  done  to  determine  to  what  extent  the  exaggeration  of  the 
higher  harmonics  is  affected  by  the  instrument  transformers.  In  con- 
nection with  the  potentials  this  work  involves  placing  a  high  voltage 
condenser  between  line  and  ground,  passing  the  current  flowing  through 
the  condenser  through  one  vibrator  of  the  oscillograph,  and  at  the  same 
time  connecting  another  vibrator  of  the  oscillograph  in  series  with  a 
condenser  and  across  the  secondary  terminals  of  a  potential  transformer 
which  ia  in  parallel  with  the  high-tension  condenser.  Two  high-tension 
condensers  were  most  kindly  loaned  for  this  work  by  the  Federal  Tele- 
graph Company.  During  the  period  in  which  the  condensers  were 
available,  however,  we  were  not  successful  in  obtaining  a  conclusive 
test  of  the  sort  outlined  above.  Further  work  on  this  matter  is  post- 
poned until  the  completion  of  some  more  adequate  condensers  which 
are  now  being  built  by  the  Federal  Telegraph  Company,  and  which 
they  have  kindly  offered  to  loan  for  this  work. 

The  accurate  analysis  of  an  oscillogram  such  as  those  which  we  have 
obtained  in  this  work,  and  which  contain  a  large  number  of  harmonics, 
ia  nearly  a  day's  work  for  one  man,     In  view  of  the  variations  in  the 
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harmonics  existing  in  the  power  system  under  different  conditions,  the 
oDfllT^is  of  the  tests  on  this  parallel  InTolvea  a  eonsiderable  amount  of 
work.  We  are  hoping  that  the  amount  of  this  work  will  be  conaider- 
aUy  reduced  in  sobsequent  tests  by  the  use  of  the  method  of  harmoDio 
analysis  which  ia  mentioned  in  the  report  of  yonr  subcommittee  of 
Jannary  6  outlining  the  teats  at  Salinas. 

The  Effect  of  Tramposiiion  of  Power  Wires. 

Tests  were  made  on  this  parallel  both  when  the  power  lines  were 
entirely  nontransposed  opposite  the  parallel  and  after  the  two  barrels 
had  been  cut  into  the  power  line  in  the  length  of  the  exposure  between 
Morgan  Hill  and  Giiroy.  This  exposure  is  composed  of  two  sectiona 
in  which  the  telephone  line  is  respectively  east  and  west  of  the  power 
line,  and  one  barrel  was  cut  into  each  of  these  sections.  In  order  to 
make  clear  the  effect  of  these  transpositions,  it  is  necessary  to  briefly 
summarize  here  some  of  the  charaeteristiea  of  electrostatic  induction 
between  power  and  signalling  wires,  ignoring,  for  the  purpose  of  this 
discussion,  the  effects  of  electromagnetic  induction. 

In  any  three-phase  system  in  which  equal  voltages  are  impressed 
between  the  three  wires,  the  potentials  between  the  three  wires  and 
ground  may  be  considered  to  be  composed  of  two  sets  of  potentials. 
One  of  these  sets  of  potentials,  which  we  will  call  the  balanced  voltages, 
consists  of  three  eqn^  voltages  between  the  three  wires  and  ground 
whose  vector  sum  is  zero.  The  other  set  of  voltages,  which  we  will  call 
the  residual  voltages,  consists  of  three  equal  VQltages  between  the  three 
wires  and  ground,  which  are  in  phase  with  each  other,  and  whose  vector 
gum  is  therefore  equal  to  three  times  any  single  residual  voltage. 

The  inductive  effect  of  the  balanced  voltages  on  parallel  circuits  c^ 
be  made  as  small  as  is  desired  by  the  insertion  of  a  sufficient  number 
of  properly  located  transpositions.  The  effect  of  the  residual  voltages 
on  outside  circuits,  however,  is  not  .reduced  by  transpositions  in  the 
power  circuits  except  in  so  far  as  the  magnitude  of  the  residual  voltages 
is  affected  by  the  transpositions.  The  residual  voltages  give  the  same 
inductive  effect  as  a  single-phase  grounded  circuit  operating  with  the 
three  power  conductors  in  parallel.  For  this  reason  a  residual  voltage 
which  is  small  in  comparison  with  the  balfineed  voltages  has  a  propor- 
tionally verj-  large  effect  in  producing  a  disturbance  in  near-by  circuits. 

The  balanced  voltages  and  the  residual  voltages  each  act  by  induction 
on  parallel  circuits  in  two  ways,  by  longitudinal  induction  and  by 
transverse  induction.  By  longitudinal  induction  is  meant  the  creation 
of  a  voltage  between  the  wires  of  the  parallel  circuits  and  ground.  By 
transverse  induction  is  meant  the  creation  of  a  voltage  between  the  two 
conductors  of  a  parallel  metallic  circuit. 
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In  a  power  transmission  system  operating  without  a  grounded  neutral, 
the  voltages  between  the  wires  and  ground  are  affected  by  the  capacities 
between  the  wires  and  ground.  In  order,  therefore,  to  have  the  voltage 
between  the  wires  and  ground  equal — ^that  is,  in  order  that  there  may 
be  no  residual  voltage — it  is  ordinarily  necessary  for  the  capacity  to 
ground  of  all  phases  to  be  equal  throughout  the  entire  transmiBsion 
system..  That  is,  it  is  necessary  to  have  a  certain  number  of  transposi- 
tions cut  into  sections  of  the  power  lines  not  directly  involved  in  paral-- 
lels  with  signaling  circuits,  in  order  to  balance  the  capacity  between  the 
power  wires  and  ground.  It  is  to  be  expected  that  this  consideration 
will  ordinarily  be  much  leas  important  in  a  system  operating  with  a 
grounded  neutral. 

In  the  system  of  the  Coast  Counties  Gas  and  Electric  Company,  as 
at  present  operated,  there  are  nontransposed  sections  of  line  connected 
to  the  section  between  Morgan  Hill  and  Gilroy,  both  when  the  section  is 
fed  from  the  north  and  when  it  is  fed  from  the  south.  Tests  have 
shown  that  in  each  case  there  is  a  residual  voltage  on  the  wires  of 
approximately  400  volts  between  each  wire  and  ground.  We  under- 
btand  from  the  Coast  Counties  Gas  and  Electric  Company,  that  when 
this  section  of  line  is  fed  from  the  south  the  only  nontransposed  section 
of  line  connected  to  it  is  between  Qilroy  and  Watsonville,  and  that  the 
company  will  cut  in  such  transpositions  as  we  require  for  further  tests 
on  request.  When  the  section  of  line  between  Morgan  Hill  and  Gilroy 
is  fed  from  the  north,  it  is  also  connected  to  a  line  of  the  Pacific  Gas 
and  Electric  Company  between  San  Jose  and  Morgan  Hill  which,  we 
are  informed,  is  nontransposed. 

After  the  completion  of  a  set  of  tests  on  the  exposure  between  Morgan 
Hill  and  Gilroy,  during  which  the  section  of  power  line  directly  con- 
cerned in  the  parallel  was  nontransposed,  transpositions  were  cut  into 
the  power  line  which  were  designed  to  remove  simply  the  lon^tudinal 
induction  due  to  the  balanced  components  of  the  voltages.  To  eliminate 
the  transverse  induction  requires  a  larger  number  of  transpositions 
than  have  been  inserted.  There  remains  also  the  above  noted  residual 
voltage  on  the  line,  and  the  induction  from  this  voltage,  as  noted  above, 
can  not  be  eliminated  by  transposition. 

The  results  of  the  tests,  before  and  after  these  transpositions  were 
cut  into  the  power  line,  are  somewhat  difficult  to  interpret  without  an 
analysis  of  the  oscillograms  of  the  power  waves  which  were  taken  at  the 
time  of  the  tests  because  of  the  variations  in  the  disturbing  harmonics. 
Without  such  analysis,  however,  the  result  seems  to  indicate  that  by 
removing  the  longitudinal  induction  due  to  the  balanced  voltages  an 
appreciable  decrease  was  effected  in  the  noise  induced  in  the  telephone 
circuits,  but  that  apparently  the  induction  due  to  the  residual  voltage 
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and  the  traDSverae  induction  from  the  balanced  voltages  are  both 
impoitaJit.  The  residual  voltage  during  normal  operation  can  probably 
be  removed  by  a  proper  transposition  of  the  eectiona  of  the  system 
which  are  at  present  nontranaposed,  and  we  shall  possibly  -wish  to  ask 
the  Pacific  Gas  and  Electric  Company  to  transpose  the  section  of  line 
between  San  Jose  and  Morgan  Hill  in  order  that  we  may  obtain  more 
conclusive  information  of  this  point.  Before  doing  so,  however,  we  are 
proceeding  with  a  theoretical  analysis  of  the  relative  importance  of  the 
various  factors  in  prodneii^  noise.  This  analysis  will  include  the  effect 
of  electromagnetic  induction  from  the  current  in  the  power  conductors. 

Investigaiion  of  Power  System. 
Since  your  last  meeting  an  iovestigatioii  has  been  made  of  the  prin- 
cipal generating  and  substations  of  the  Coast  Counties'  system,  and 
analyses  of  the  wave  forms  of  voltage  and  current  at  various  plaees 
have  been  made  by  means  of  a  portable  resonance  analysis  apparatoa. 
The  diagrams  of  connectioos  of  the  stations  visited  and  the  results  of 
the  analyses  have  been  entered  in  the  book  containing  the  results  on  th« 
tests  of  the  parallel  at  Morgan  Hill  in  accordance  with  the  memorandum 
of  December  16  from  the  assistant  secretary  transmitting  that  book  to 
your  files.  We  are  also  attaching  to  that  book  maps  giving  complete 
information  regarding  all  of  the  exposures  between  the  Coast  Counties 
Gas  and  Electric  and  The  Pacific  Telephone  and  Telegraph  Company. 
We  ask  your  acceptance  of  the  new  information  thus  added  to  your  files. 
Below  is  a  summary  of  interesting  points  shown  by  the  analyses  which 
were  made  in  this  investigation : 

Current  to  a  50-light  mercury  arc  rectifier  at  Santa  Cruz — Fairly 
large  3d,  5th  and  7th  harmonics  but  none  particularly  note- 
worthy. 

Voltage  wave  of  2-ph.  turbine  driven  generator  at  Santa  Cruz — 18 
slots  per  pole,  3d  harmonic  fairly  large,  none  particularly  promi- 
nent 

Voltage  wave  of  400-kilowatt  2-ph.  ^nchronous  motor  at  Santa 
Cruz — 6  slots  per  pole,  open  slot  construction,  3d,  5th  and  15th 
harmonics  fairly  large,  11th  and  13th  harmonics  very  large. 

Generators  at  Big  Creek*  rotating  armature,  2-ph.,  76  and  104  slota 
respectively,  with  14  poles — No  harmonies  particularly  promi- 
nent. 

Ontgoing  current  at  Big  Creek*  imder  full  load — No  harmonics 
particularly  prominent. 

Voltage  wave  of  750-kilowatt  generator  at  Watsonville,  3  slots  per 
pole,  closed  slot  construction  reconnected  from  11,000  volts  to 
2,200  volts — ^Very  large  5th  harmonic,  most  others  rather  large. 

Bus  voltage  at  Watsonville  generator  disconnected — lai^e  3d,  5th, 
11th  and  l?th  harmonics. 
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It  should  be  noted  that  during  the  tests  at  Morgan  Hill  very  large 
5th,  11th  and  13th  harmonics  were  obserred  at  various  times  both  in 
the  power  syatem  and  in  the  induced  current  in  the  telephone  lines. 
It  is  our  intention  to  make  some  further  tests  at  Moi^;an  Hill  to 
determine  to  what  extent  the  large  harmonics  observed  there  are  due  to 
the  operation  of  the  sj-nehronous  motor  at  Santa  Cruz  and  the  geuera- 
tor  at  Watsonville.  It  is  also  to  be  noted  that  the  smaU  effect  attributed 
to  3d  harmonics  in  the  power  and  telephone  circuits  at  Morgan  Hill  is 
due  to  the  delta  type  of  connection  which  is  used  on  ttua  system. 

Ab  is  indicated  in  detail  in  the  report  above,  the  work  which  has 
been  done  to  date  in  the  analyses  of  the  results  obtained  at  Morgan 
Hill  already  indicates  further  simple  tests  by  which  we  can  obtain  more 
information  regarding  the  effect  of  the  parallel  tested.  We  are  pro- 
oeeding  with  the  work  on  the  analyses  along  the  lines  indicated  above 
with  the  idea  that  it  will  give  us  further  information  regarding  the 
effect  of  this  parallel  and  may  surest  further  tests  which  we  can 
profitably  make  on  this  Coast  Counties  system.  Our  suggestions  for 
these  further  tests  will  be  reported  to  you  at  a  later  meeting. 

Respectfully  submitted. 

(Signed)     J.  E.  WooDBanMJB, 
Chairman  Subcommittee  on  Test  No.  1  at  Morgan  HiU. 


■dovGooi^Ic 


TQCHNICAIi  fiSPOST  NO.  I. 


Technical  Report  No.  3. 

February  2*,  191S. 
MEASUREMENTS  OF  NOISE   IN  TELEPHONE  CIRCUITS. 

In  tfae  repfHl;  of  Jannsr?  6*  outlining  the  tests  to  be  mode  at  Salinsa, 
Item  2  of  the  testa  outlined  under  the  heading  "Condition  Testa"  is  as 
fdlows : 

"2.  Tests  of  the  total  noise  induced  between  the  wires  of  the 
telephone  circuits  meaaured  by  the  noise  standard." 

It  ia  Uie  purpose  of  this  memcH^idum  to  briefly  outline  the  methods 
and  apparatus  used  in  making  these  tests. 

The  quantity  which  ia  meaaured  in  these  testa  is  the  effect  on  tbe 
ear  caused  by  the  complex  current  wave  which  is  indoced  in  the 
telephone  receiver  by  the  power  circuits.  As  the  effect  of  a  current 
of  a  given  magnitude' in  producing  nOise  depends  largely  upon  its 
frequency,  and  as  the  induced  current  is  compounded  in  general  of  a 
la^e  Dumber  of  frequencies,  the  effective  value  of  the  iaduced  current 
it  not  in  general  an  exact  measure  of  the  noise  produced  by  that 
current.  The  method  which  has  been  employed  for  many  years  by 
the  telephone  companica  ia  measuriae  the  noise  consists  in  comparing 
noise  caused  by.  the  induced  current  in  a  telephone  receiver  with  a 
staudard  noise,  the  magnitude  of  the  standard  noise  being  changed 
until  the  two  noises,  standard  and  induced,  are  judged  to  have  the 
same  detrimental  effect  on  a  telephone  conversation. 

The  circuit  which  is  used  for  these  testa  is  shown  diagrammatically 
in  the  attached  sketch  P.  I.  C.  32. 

The  generator  which  produces  the  standard  noise  is  conoeeted  to  a 
shunt  box,  by  means  of  which  various  amounts  of  the  standard  current 
are  shunted  throngh  a  telephone  receiver.  The  telephone  receiver  is 
connected  alternately  to  the  standard  noise  shunt  and  to  the  line 
onder  test  by  means  of  a  mercury  switch,  and  the  magnitude  of  the 
standard  noise  is  adjusted  by  means  of  the  shunt  until  the  point  of 
equality  is  found. 

The  standard  noise  generator  is  an  electrical  generator  of  the  induc- 
tor type  composed  of  a  disk  of  nonmagnetic  material  in_  which  are 
inserted  a  number  of  soft  iron  pole  pieces  and  which  revolves  between 
the  poles  of  a  permanent  magnet.  Coils  are  wound  on  the  poles  of  the 
magnet  and  as  the  disk  revolves  an  alternating  current  is  induced 
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in  this  winding  by  the  pulsations  of  magnetism  caused  by  the  motion 
of  the  soft  iron  pole  pieces  nuder  the  poles  of  the  permanent  magnet. 
The  voltage  of  the  generator  and  the  resistances  in  the  shunt  are  so 
adjusted  that  when  the  generator  is  operating  at  240  cycles,  the  cali- 
brations on  the  shunt  give  directly  the  effective  value  of  the  current 
through  the  telephone  receiver  in  microamperes.  In  the  standard 
apparatus  this  shunt  is  provided  with  steps  up  to  150  microamperes.  The 
noise  induced  in  the  circuits  under  test  in  this  investigation  is  so  great 
that  this  range  has  been  found  to  be  insufficient  and  an  addition  has 
been  built  for  the  shunt  by  which  its  range  is  increased  to  500  micro- 


The  pitch  and  quality  of  the  noise  induced  in  telephone  circuits 
differs  a  good  deal  in  different  cases  of  parallelism.  The  noise  standard 
has,  therefore,  in  general,  a  quality  and  pitch  different  from  that  of  the 
noise  being  measured.  For  this  reason  the  amount  of  standard  noise 
which  is  considered  to  be  equal  to  the  noise  induced  in  the  circuit  is 
somewhat  a  matter  of  individual  judgment  and  the  method  <;annot 
hope  to  he  precise.  The  steps  on  the  noise  standai^l  are  accordinglj 
adjusted  so  that  there  is  a  large  difference  in  the  amount  of  standard 
noise  in  the  telephone  receiver  with  the  shunt  on  adjacent  steps.  Men 
who  are  accustomed  to  measuring  noise  in  this  way  ordinarily  a^ee 
as  to  which  point  on  the  shunt  most  nearly  represents  the  magnitude 
of  the  noise  being  measured. 

Respectfully  submitted. 

(Signed)     J.  E.  WtxaJBRroo^ 
Chairman  Subcommittee  on  Tests  No.  1  and  No.  2. 
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Technical  Report  No.  4. 

'February  24,  1913. 


Item  3  under  the  heading  "Condition  Tests"  in  the  memorandum  of 
January  6,*  outlining  the  tests  to  be  made  at  Salinas,  reads  as  follows : 

"3.  Tests  of  th6  current  flo^ving  between  the  telephone  wires  and 
ground  on  short  circuit  and  of  the  voltage  tndnced  between 
telephone  lines  and  ground  on  open  circuit." 

It  is  the  purpose  of  this  memorandum  to  briefly  outline  the  methods 
and  apparatus  which  are  used  in  making  these  tests. 

These  tests  are  carried  out  on  all  types  of  signalling  circuits  and 
are  of  interest  as  indicating  in  a  rough  way  the  severity  of  the  dis- 
turbance induced  on  telephone  circuits  and  also  as  giving  a  fairly 
good  measure  of  the  degree  to  which  the  disturbance  will  affect  the 
operation  of  telegraph  apparatus  or  other  signalling  apparBtns  on  the 
circuits.  They  also  indicate  the  degree  of  approach  to  conditions 
under  which  the  protective  devices  of  the  signalling  aireuits  would  be 
operated  and  the  conditions  which  would  involve  ri^  of  fire  or  injury 
to  employees. 

Por  the  measurement  of  the  current  flowing  in  the  circuit  between 
the  signalling  wires  and  ground  a  series  of  ammeters  and  miUiam- 
metera  have  been  provided.  The  most  sensitive  of  these  is  the  Paul 
Electrodynamometer  Milliammeter  with  a  full  scale  of  deflection  of 
20  mils.  Tests  of  the  current  flowing  in  the  circuit  are  made  both 
with  the  distant  end  open  circuited  and  with  the  distant  end 
grounded: 

For  tests  of  the  volta^  between  the  signalling  circuits  and  ground 

on   open  circuit  a  Kelvin  Multicellular  Electrostatic  Voltmeter  has 

been  provided  having  a  range  from  20  to  80  volts.    The  range  may  be 

increased  by  the  use  of  series  and  parallel  condensers  with  the  voltmeter. 

Respectfully  submitted. 

(Signed)     J.  E.  Woodbeidqb, 
Chairman  Subeommittee  on  Tests  No.  1  and  No.  2. 
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Technical  Beport  No.  5. 

February  24,  lilt. 


In  item  4  under  the  heading  "Condition  Tests"  in  onr  memorandum 
of  Janoary  6*,  ontliniug  the  method  of  making  tests  at  Salinas,  mention 
is  made  of  the  measnrements  of  effective  voltages  and  current  to  be 
made  on  the  power  system  as  follows : 

"4l  Observations  of  the  voltage  from  each  power  line  to  ground 
and  also  of  the  residual  voltages,  that  is,  the  vector  sum  of 
these  three  voltages.  Observations  also  of  the  current  in  each 
line  wire  and  of  the  residual  current,  that  is,  the  vector  sum 
of  these  three  currents." 

These  measurements  are  in  general  made  by  the  aid  of  instnuoeirt 
transformers.     The  type  of  connection  used  in  making  these  voltage  . 
and  curreat  measurements  is  indicated  in  the  attached  sketches  P.  I.  C. 
4andP.  I.  C.  5.  "  .  - 

For  the  measurement  of  potentials  in.  a  three-phase  cirouit  three 
potential  transformers  are  connected  with  their  primaries  between  the 
three  wires  of  the  circuit  under  test  and  ground,  as  is  indicated  in  the 
sketch.  The  secondaries  are  conuected  so  that  measurements  may  be 
made  of  the  voltage  across  each  secondary  which  represents  the  voltage 
between  the  corresponding  power  wire  and  ground,  or  the  secondaries 
may  be  connected  in  delta  wiUi  one  comer  open  and  a  measurement 
made  of  the  voltage  across  that  open  comer.  This  v6ltage  represents 
the  vector  siiza  of  the  voltages  between  the  three  wires  and  ground. 

Similarly  for  the  current  measurements  the  primary  of  a  current 
transformer  is  connected  in  each  wire  of  the  power  circuit  under  test 
and  the  secondaries  of  these  three  transformers  are  so  connected  that 
an  amiaeter  may  be  inserted  in  the  circuit  of  any  one  secondary  or  an 
ammeter  may  be  inserted  in  the  common  wire  which  carries  the  vector 
snm  of  the  currents  in  the  three  secondary  windings. 

We  are  dependent  upon  the  exact  equality  of  the  ratios  of  the  three 
potential  and  the  three  current  transformers  which  are  used  for  these 
measurements  to  obtain  true  residual  currents  and  voltages.  The  equal- 
ity  of  the  ratios  of  the  potential  transformers  may  readily  be  checked 
by  putting  the  primaries  of  the  transformers  in  parallel  across  the  same 
voltage  and  measuring  the  resultant  voltage  across  pairs  of  the  second- 
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ary  windings  connected  in  opposition.  Another  good  way  of  checking  the 
potential  transformers  is  to  place  the  three  primaries  in  delta  on  the 
high  tension  circuit  and  measure  the  potential  across  the  open  comer 
of  the  secondary  delta.  Under  these  circumstances  the  vector  sum  of 
the  three  primary  voltages  is  necessarily  zero. 

Cheek  tests  of  this  sort  are  carried  out  on  each  bank  of  potential 
transformera  used.  Aa  an  indication  of  the  accuracy  to  bo  obtained  by 
these  methods,  testa  at  Salinas  made  on  pairs  of  the  200  watt  Q.  E. 
potential  transformers  which  are  being  used  there  for  the  testa  show 
a  maximum  difference  in  secondary  potential  of  0.15  volts  out  of  the 
total  secondary  voltage  of  55  volts,  or  about  0.3  per  cent.  Tests  of 
similar  potential  transformers  were  made  at  Morgan  Hill  by  connecting 
primaries  in  delta  and  the  voltage  across  the  open  corner  of  the  second- 
ary delta  was  found  to  be  0.4  volts,  with  110  volts  across  each  secondary. 
A  part  of  this  resultant  voltage  was  due  to  the  third  harmonic  in  mag- 
netizing current  of  the  potential  transformers,  which  can  be  analyzed 
and  eliminated. 

Comparative  tests  of  the  current  transformers  can  be  made  by  putting 
the  primaries  in  series  and  putting  the  pairs  of  the  secondary  winding 
■  in  parallel  opposing  across  an  ammeter.  We  were  unable  to  make  any 
residual  current  measurements  at  Morgan  Hill  because  of  the  lack 
of  suitable  current  transformers  and  haVe  as  yet  no  test  ready  to  report 
of  the  cnrrent  transformers  at  Salinas. 

It  may  be  noted  that  with  the  type  of  connection  used  for  the  potential 
transformers  they  form  a  stair  connected  system  of  transformers  to 
ground  with  a  secondary  delta  which  is  open.  Under  these  circum- 
stances the  potential  transformers  themselves  produce  a  small  third 
harmonic  residual  voltage  on  the  power  wires  because  of  the  third 
harmonic  in  the  magnetizing  current.  This  third  harmonic  component 
of  the  magnetizing  cnrrent  of  the  potential  transformers  is  so  small, 
however,  that  a  little  consideration  indicates  that  its  effect  is  entirely 
negligible. 

The  importance  of  the  residual  voltage  in  producing  distnrfoances  in 
signalling  wires  is  indicated  in  the  technical  report  of  your  subcom- 
mittee on  the  progress  of  tests  on  the  parallel  at  Morgan  HiU  dated 
February  3.'  The  importance  of  the  residual  cnrrent  in  producing 
disturbances  in  parallel  signalling  circuits  is  due  to  the  fact  that  the 
residual  cnrrent  represents  current  which  flows  through  the  power 
wires  as  one  side  of  the  circuit  and  through  the  earth  as  the  other 
side.  The  earth  current  would  flow  along  the  surface  of  the  earth  if  it 
were  of  infinite  conductivity.    Actually,  because  of  the  resistance  of  the 
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eartli  near  its  surface,  the  return  current  ordinarily  3owe  at  a  consider- 
able distance  belo^  the  surface.  In  some  eases  it  has  been  found  that 
the  eorreut  produces  the  same  effect  as  though  it  were  concentrated  one 
or  two  miles  below  the  surface  of  the  earth.  In  other  words,  the 
residual  cnrreut  flows  in  a  very  large  inductive  loop  and  has  a  corre- 
spondingly great  inductive  effect  on  parallel  circuits. 

Respectfully  submitted. 

(Signed)     J.  E.  Woodbbidob, 
Chairman  Subcommittee  on  Tests  No.  1  and  No.  2. 
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Technical  Report  No.  29. 

'  May  4,  1914. 
DETERMINATION  OF  LINE  IMPEDANCES. 

1.  Porpoae. 

In  order  to  determine  from  obeerrations  the  induced  voltages  on  eom- 
munication  circuits,  and  to  predict  the  cnrrCTit  which  will  flow  under 
given  conditiona,  a  knowledge  of  the  circuit  impedances  at  the  various 
frequencies  is  required.  It  is  the  purpose  of  this  report  to  discuss  the 
methods  used  in  this  investigation  for  the  determination  of  such  im- 
pedances, and  to  present  the  data  obtained  at  Salinas*  and  Santa  Cruz. 

2.  MethodB. 

(a)  Meagurement. 
The  equivalent  impedaace  of  a  communication  circuit  with  any  given 
load  at  the  distant  or  "receiving"  end  may  be  measured  by  an  impedance 
bridge.  Two  forms  of  such  a  bridge,  with  the  corresponding  fonDolRi, 
are  shown  on  P.  I.  C.  No.  186,  attached,  the  form  of  bridge  being  depend-> 
«nt  on  whether  the  equivalent  reactance  of  the  circuit  is  inductive  or 
condenaive  (capacitive).t  As  a  source  of  single-frequency  alternating 
current  l^e  Vreeland  ane  wave  oscillator  is  employed.  The  bridge  in 
use  is  made  tnyna  apparatus  at  hand,  no  portion  of  it  being  shielded 
except  the  two  ratio  arms  A  and  B.  A  telephone  receiver  is  used  to 
indicate  balance  by  the  null  method.  If  the  supply  electromotive  force 
contains  more  than  one  frequency,  or  if  the  bridge,  or  the  circuit  whose 
impedance  is  to  be  measured,  is  subject  to  induction,  there  will  be 
noise  heard  in  the  receiver,  even  though  the  bridge  is  balanced.  To 
eliminate  such  noise  from  extraneous  currents,  which  is  sometimes  very 
troublesome,  the  receiver  circuit  may  be  made  selective  for  the  measimng 
frequent^,  by  introducing  into  it  capacity  and  inductance  in  such 
amounts  as  to  cause  the  circuit  to  resonate  at  the  measuring  frequency. 
This  procedure  may  increase  the  impedance  of  the  receiver  circuit  and 
thus  decrease  the  sensitiveness  of  the  bridge.  Such  added  inductance 
and  capacity  must  be  shielded  or  placed  at  some  distance  from  other 
portions  of  the  bridge.  To  lessen  errors  due  to  the  capacity  between 
different  portions  of  the  bridge  and  ground,  the  bridge  proper  is  isolated 
from  the  generator  and  receiver  by  transformers  as  shown.  For  the  best 
results  the  different  portions  of  the  bridge  should  be  shielded.  It  has 
been  found  that  this  unshielded  bridge  is  especially  liable  to  error  in 
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making  measurements  of  circuits  which  have  ground  as  one  side.  This 
error  is  a  minimum  wheo  the  ground  side  of  the  circuit  to  be  measured 
is  connected  to  the  bridge  at  the  same  terminal  as  the  energy  supply. 
It  has  been  found  possible  to  measure  transverse,  but  not  longitudinal, 
impedaneea  on  telephone  circuits  in  exposure  No.  2  at  Salinas  and  in  the 
Santa  Cruz-WatsonviUe  exposure,  with  the  power  lines  in  operation. 
Trouble  from  power  circuit  induction  in  such  measurements  was 
obviated  by  using  even  harmonics  of  the  fundamental  power  line  fre- 
quency. Satisfactory  longitudinal  measurements  on  exposed  circuits 
can,  in  general,  be  made  only  when  the  power  lines  are  not  in  operation. 

(6)  Computation. 
■  The  f ormulfe  for  the  impedance  of  a  circuit  with  uniformly  distributed 
constants  are  well  known.*  On  P.  I.  C.  No.  187,  attached,  are  given  the 
formulie  used  for  the  computation  of  line  circuit  impedances.  It  will 
be  seen  that  the  impedance  for  a  given  frequency  depends  on  foor  inde- 
pendent primary  constants,  the  resistance,  the  inductance,  the  conduct- 
ance or  leakage,  and  the  capacity  per  unit  length;  hence  the  value 
of  the  results  hinges  directly  on  the  accuracy  with  which  these  quantities 
are  known  or  ean  be  determined.  For  open- wire  lines,  particularly 
.grounded  circuits,  data  from  which  to  determine  all  of  these  quantities 
accurately,  for  the  particular  conditions  at  hand,  are  not  in  general 
available.  The  number,  position  and  condition  of  nearby  circuits  and 
other  objects,  humidity,  condition  of  insulators,  frequency,  and  depth 
of  equivalent  ground  plane  affect  these  primary  constants. 

3.  Data^ 

On  P.  I.  C.'s.  No.  77  to  No.  94,  inclusive  (on  file  with  the  Joint  Com- 
mittee on  Inductive  Interference),  are  given  the  computed  impedances 
for  the  Salinas-King  City  telephone  circuits  as  listed  below.  These  cir- 
cireuits  are  of  No;  12  N,  B.  S.  G.  hard-drawn  copper  wire,  41  miles  in 
length.  In  the  tables,  values  are  given  for  odd  harmonics  of  60  cycles. 
The  frequency  range  covered  is  from  0  to  2,100  cycles, 
p.  I.  c. 

No.  Subject. 

T9     Table  of  resletance,  reactance  and  impedaoce  of  two  wires  tu  parallel  to  ground, 
with  Car  end  opea ;  grounded  ;  anil  grounded  thiough  100  ohms  reeiateDce. 

I  CurYea   oE  resistance,   reactance  and   impedance   of   two  wirefl   in   parallel   to 

I  ground,  with  far  end  open. 


.Cookie 


TBCHNICAI.  RBPORX  NO.  M. 


No.  »ab]«ct. 

841  ^'^^  '''  nsutince,   reftctance   and   fanpeduice  of   two   wires   In   pkraDel   I 

8Sl  graaoA,  wltli  tax  end  gioaodei. 


Ml  C 

!5l 


S7    Tnbles  of  nsistance,  reactance  and  itDpedance  of  one  wice  to  gronnd,  with  far 

end  opEs ;  and  KFonnded. 
SSI  Curres  of  miatance.  reactance  and  Impedance  of  one  wire  to  grwmd.  with  txr 
89  L  end  open- 

m| 

e  to  Kiooad,  with  fiir 


The  following  are  some  nuacellaneouB  impedaDce  computations: 

P.LC, 
No.  Subject. 

96  Table  of  reaijtance,  reactance  and  impedance  of  a  phantom  No.  12  N.  B.  S.  O. 
copper,  SO  milM  loog,  with  far  end  open ;  and  doaed  through  a  No.  291A 
■nbscriber's  telephone  set  (with  receiTer  on  hook). 

97  Table  of  reaietance,  reactance  and  impedance  of  one  No.  9  B.  and  S.  G.  copper 
wire  to  E">nnd,  71  milea  Ions,  with  far  end  open ;  and  grounded. 

On  P.  I.  C.'s  No.  109  to  No.  Ill,  iDcltuive,  are  gives  the  results  of 
impedanee  measorementa  on  exposare  No.  2  at  Salinas.  The  conductors 
are  No.  12  N.  B,  S.  G.  copper.  The  equivalent  resistance,  reactance, 
impedance,  and  indactanee  or  capacity  are  plotted  as  fnnetions  of  the 
frequency  over  the  range  from  0  to  1,500  cycles. 
p.  I.  c. 

No.  SubjADt. 

109    Impedance  of  a  phantom,  with  far  end  open, 
no     Impedance  of  a  phantom,  with  far  end  ahort  circaited. 

Ill  Impedance  of  two  wires  In  parallel  to  ground,  with  far  end  open.  (Tariooa 
coaditiona  of  shieldlnE  l>7  aeighboring  condnctora.) 

On  P.  I.  C.  '8  No.  163  to  No,  176,  inclusive,  are  given  the  reealts  of 
impedance  meaaurementa  on  the  Santa  Cruz-Watsonville  exposnre.  The 
circuits  are  No.  12  N.  B.  S.  G.  copper,  17.07  miles  in  length.  The  resist- 
ance, reactance,  impedance,  and  equivalent  capacity  or  inductance,  are 
given  for  the  frequency  range,  0  to  1,500  cycles.  The  transverse  meas- 
urements were  made  for  two  conditions  as  regards  insulation  resistance 
of  the  circnits.  These  measurements  include  the  impedance  of  the  test 
leads. 
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No.  'Subject. 

168     Truuvene - Phyaical 

164     Transverse Physical 


167  Longitudinal  _. 

168  Longltodinal  - 

169  Longitudinal  -, 


—Far  end  gionndsd 
.-Far  «id  clear 
.-Far  end  groailded 
—  Far  end  clear 
—Far  end  gronnded 
—Far  end  d^ 


172  Longitudinal Eight  wire« 

173  Longitudinal Single  wire Far  end  clear 

176  Longitudinal — Xranwensa-.:..-'C«8t  leads . . .^Far  end  cleat 

177  Longitudinal — Transverse Teat  leads Far  end  short  circuited 

P.  1,0. 'a  No.  174  and  No.  174A  give  the  induetance  per  mile  of  one, 
two  and  four  wires  in  parallel  to  ground,  as  a  functioii  of  the  distauce 
from  the  wires  to  the  equivalent  ground  plane. 

P.  I.  C.  No.  176  shows  the  variation  of  the  open  eircuit  impedance 
of  the  test  leads  with  the  insulation  resistance. 

Using  the  values  obtained  by  measurements  of  the  open-circuit  and 
short-circuit  impedance  of  the  Santa  "Cniz-WatBonville  circuits,  the 
primary  eonstants  were  computed  for  a  few  caSes,  principally  to  deter- 
mine the  variation  in  the  depth  of  the  equivalent  ground  plane  with 
frequeney.  To  obtain  the  values  of  open  and  short  circuit  impedanoe 
for  the  circuitB  within  the  exposure  alone,  formula  (8),  P.  L  C.  No.  187, 
is  used.  By  this  means  error  is  Avoided  in  cases  where  the  test  leads 
have  different  electrical  characteristics  than  the  line.  The  results  of 
these  computations  are  given  in  the  following  table : 


Line  Conatanti  Comput 


I  from  Impedanc 


One  No.  1!  S.  B.  9.  Q.  copper  wire  to  ground. 


0 

4.8 

3.9 

2.0 

■ 

mt 

240 

5.3 

3.9 

2A 

Ofll22    0.0121    /G5°. 

=:«.0051  4-JO.OllO 

■m* 

/-ir.i 

soo 

720 

e.o 

8.8 

Z.6 

0.0120    8.0SI3'  m" 

=OJKI63-t-]0.O3O7 

WB 

/-i'ji . 

SMI 

im 

6.8 

3.7 

.43 

0.0122    0.0513    /81° 

=  0.0074 +  ]0J)507 

558 

170 

H.  B.  B.  Q.  eaevtr  wtnt  (I  pbaDtom)  to  siouDd. 


5.6        -  -  - 

7.8     0.0270    0.0127    /72°.7  =  0.0038  -I-  J0,OI22 
139     0.02S1     0.0565    78-J*.T=  0.0077 -)-j0.0659 


ductor    of    Lnflnlt 
wires   with    It    ax   e.    reiurn 
"Image"    conductors    used    ( 
Images  ot  the  actual  condui 


the  wires  to  the  equivalent  ground  plane — a  plane  con 
and  con  luctlvlty  so  located  that  the  Iniluctance  of  the 
n   path   Is   thp   sam  -  - — 
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The  depth  of  the  eqoivalent  ground  plane  is  determined  from  the 
values  of  indactance  ^ven  in  the  table  above  and  the  curves  given  on 
P.  T.  C  No.  174.  The  measurements,  it  will  be  seen,  show  a  consistent 
decrease  in  the  depth  of  the  equivalent  ground  plane  with  an  increase  in 
frequency.    This  is  in  accord  with  theoretical  considerations. 

4.  Coschinon. 

It  ia  evident  that  wherever  possible. the  open-circuit  and  short-circuit 
impedances  should  be  measured,  since  some  measurements  would,  in 
general,  be  naeessary  in  any  case  to  determine  the  primary  eonst^is 
with  a  fair  degree  of  accuracy.  Having  measured  the  open  and  ahort- 
circuit  impedances  of  a  circuit,  the  effects  of  apparatus  of  known  im- 
pedance added  to  its  ends,  may  be  determined  by  the  formulas  given. 
Measurements  of  the  circuit  impedanCe  will,  as  a  rule  be  more  accurate 
and  require  less  time  than  computations,  which  are  somewhat  lengthy. 
BespeetfoUy  submitted. 

(Signed)     J-  E.  TfOOTBRiDOT, 
Chairman  Subcommittee  on  Tests  No.  1  and  No.  2, 
Attaomo:  p.  I.  C.  Nob.  1«8  to  ITS  ino.,  174A,  186,  187. 

In  Fiub  OB  THE  Joint  Coumittg^  :  P.  I.  O.  Nog.  77  to  M  inc.,  95,  97,  108, 110, 
111,  IT*,  17C,  176.  177  Bud  tables  to  Bt^xMnpanj  16S  to  177  inc. 
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Impedancs  of  Circuits  Saving  Vjaformiy  JHttrQ>\tted  Conttants. 


B  =  resistauos,  ohms  per  qbH  kufrth  of  oirooit 

L  =  indactance,  itearys  per  QUit  length  of  drcnit. 

S  :^  condactance,  ohms  per  unit  length  of  circuit. 

C  =  capacity,  farads  per  unit  length  of  circuit, 

p  =  2  w  frequency. 

1  =  length  of  the  circuit. 

P  =  propagation  constant. 

d  =  attenuation  constant. 

fi  =  wave  length  constant. 

Zt  =  initial  sending  end  impedance  (also  called  surge  impedance 
and  iterative  impedance) . 

Z,  =  impedance  of  load  at  receiving  end. 

Z,  =  equivalent  impedance  of  line  and  receiving  end  load, 
Zm=^  Z,  for  the  case  when  Ze=  k  (receiving  end  open). 
Z„=  Z,  for  the  case  when  Z,^=0  (receiving  end  short-circuited) . 
Z,  =  equivalent  impedance  of  line,  receiving  end  load  and  test  leads. 
Z',^=  open  circuit  impedance  of  test  leads. 
Z'h^  short  circuit  impedance  of  test  leads. 


z.^  15+1 


jpL 


(1) 


P=V(R  +  jpL)  (S  +  jpC)=.  +  tf  (2) 

Z,cMihPl  +  Z.diihPl 

^'  ""■^  Z.  cosh  PI  +  Z,  linli  PI  ^''' 

Z„  =  Z;.i!0thPl  (4) 

Z„  =  Z.taiihPl  (6) 

For  compatation  of  the  fundamental  oonBtants  from  measured  values 
of  Z„  and  Z.,. 

.         ,      B  +  jpL  =  ^51151  tanh-JS  (6) 


^+''"'=wKrs:'^"->i^    .      '" 


To  eliminate  the  effect  of  the  impedance  of  the  test-leads. 

„      „:   Z,-Z'„ 


Technical  Beport  No.  38. 

October  II.  ISIT. 
GENERAL  REVIEW  OP  TESTS  AT  SALINAS. 

ODTLINH. 

a  DESCRIPTION  OF  EXPOSURES. 
8.  TECHNICAL  REPORTS  (Uat). 

4.  EXPOSURE  No.  1. 

(o)  The  Effect  of  Opetang  the  Secondary  Delta  at  Sftlinas  <T.  R- Na  6). 

(b)  Effect  of  Grounded  and   NoDgrounded  Neatral  oa  Telephone  Circuits  In 

Expointes  No.  1  and  No.  2  (T.  R.  No.  30). 

(c)  Induction   (n   telegraph   circnita   between   Salinas   and   San   Joae    (T.   E. 

No.  36). 

5.  EXFOSDRE  No.  2. 

(A)   Te«tH  Under  Operating  Conditions  of  the  Power  SyBtem. 
{a)   Dlscasslon  of  Reports. 

Technical  Beport  No.  8, 
Technical  Report  No.  15. 
TechDical  ?«p(n-C  No.  27. 
Technical  Report  No.  28. 
Technical  Report  No.  31. 
<b)  Snnunary  of  Results. 
(R)  Spedal  Tests  and  Computations. . 

(a)   Teats  of  Known'  Ri^sldual  Currents  and  Toltages  <T.  R.  No.  9). 
'  t')  The  Effect  of  Known  Residual  Current  and  Residual  Toltago  In 

Eiposure  No.  2  at  Salinas  (T.  B.  No.  23). 
'.,  (o)  Gpiniiutations  of  the  JJffect  Of  IHffeiient  Factpn  in  the  Production 

of  Inductive  Disturbances  in  Telephone  Circuits  for  Exposure 
No.  2i  at  Salinas  (T.  B.  Mo.  22). 
"'  id)  Compa^nof  Technical  Reporta  No.  22  and  28  <T.  R.  No.  24). 

a -SALINAS-KING  CITY  EXPOSURE. 

(a)  Induction   in  Telephone  Circuits  Between  Salinas  and  King  City   (T.  B. 
,..;  No.  25  and  T.  R.  N91  32). 

(b)  Induction  in  Rlock  Sigoalling  Circuits  of  SoatheraPadGcCo.  (T.  R.N0.  T). 
T.  MISCELLANEOUS. 

(«>  ■N«otT«l  Omrreat  at  Ballaas  (T.  B.  No.  10).     '  . 

(6)  ComparaUve  Noise  Tests  in  Telephone  Circnits  North  of  Salitisa.    Stem 
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1.  Pitrpoae. 

The  object  of  this  report  is  to  review  and  disettas  all  the  results 
obtained,  which  are  recorded  in  Tarious  technical  reports,  and  to  present 
those  conclusions  which  appear  at  this  time  to  be  justified  by  the  investi- 
gation at  Salina& 

2.  Descriptioii  of  Exponres. 

The  several  exposorea  are  listed  below,  in  tabular  form,  t'other  with 
descriptive  data  of  the  particular  parallels  under  test*  The  foUowingr 
abbreviations  are  used  in  this  tabulation : 


c  c  G.  and  E„. 
C.  V.  G.  and  E._. 

P.  T.  and  T. 

W.  C 

8.  P. 


—Sierra  and  San  Frandaco  Power  Ctmpaaj 
— Coaat  Countiea  Gai  and  Electric  Company 


.-CoBBt  Valleys  Gaa  and  Electric  Comp&ny 
— Tbe  Pacific  Telephone  and  Telecnph  Gompaity 
..Western  Unioa  Telegraph  Company 
Sonthern  PadSc  RailToitd  Company 


EipMurv  No. 

Ldonval*  mm 

S.  A  &  P. 

3  pbaH 

grounded 

neutral 

»kv. 

P.  T.  *  T. 

w.  n. 

8.  P. 

Exposures  In   this   distance 
are  oT  various  lenxtha,  as 
ihown   by    P.    I.   O.    No.  46. 
P.  1.  0.  No.  119  (attactaM  to 
thie   report)    gives   typical 
pole  dlaerams  wltb  separii- 
tlooH.    helKhts   and   circuit 
Qunb^rft  teF  exposures  Noa. 
1.  2  and  3. 

O.  O.  G.  A  £. 

3  phftBe 
laoUted 
(rom 
croand 

BkT. 

P.  T.  ft  T. 
W.  0. 
8.  P. 

Expoalira  No. 

to  SailitM— i^ngth 

of  ExpoMra  B  MItea. 

8.  *  S.  7. 

3pbase 
star 

KTOUDdQd 

neutral 

»kv. 

P.  T. 

*T. 

P.  I.  a  No.  44  gives  a  dia- 
grammatic plot  of  this  ex- 
posure.   Exposure  No.  2  la 
a  portion  ot  Exposure  No.  1, 
but  P.  T.  &  T,  circuits  are 
the  only  aignal  clrcutta  In- 
volved.  P.  I.  C.  No.  61  shows 
the  type  and  rolatlve  loca- 
tion ot  telephone  and  power 
transpositions. 

bpMura  No.  S-eatlOM  to  King  City— Lwigth  of  BHposure  41  Milce. 

O.  V.  Q.  A  E. 

3  phase 

ZTOunded 

neutral 

22  tv.  to     P.  T.  &  T. 
Feb.  ft  '18,       W.  D. 
33  kr.  from        S.  P. 
Feb.  ft  -a. 

•Bee  Technical  Report  No.   fl*  for  further  deacrlptloD  with  dlacimma. 
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3.  Technical  BeportB. 

The  foUowiog  is  a  list  of  the  various  technical  reports  coveriag  the 
work  at  Salinas : 


JaD.    6— General  Outline  of  Test  No.  2  to  be  Made  at  Saliau  on.  PaiallelB 

Between  the  Sierra  and  San  FranciEco  Power  Company,  the  Western 

Union  Telegraph  Companj,  the  Soulbera  Pactflc  Company,  and  The 

Pacific  Telephone  and  Telegraph  Compaof. 
April  7— Teets  of  the  Effect  ot  Opening  Secondftir  Delta  at  Salinas,  F*b.  8, 

1913. 
April  7— Teets  on  Southern  Pacific  Block  Signalling  Circuits,  Jan.  20,  1813. 
April  7— Teat  of  the  Effect  of  Opening  and  Grounding  the  Neutral  at  Satinaa, 

Mareh  14,  1913. 
April  7— Tests  of  Known  Residnal  Currents  and  Vtdtages,  Jan.  29.  1913. 
April  ,7 — Neutral  Current  at  Salinas. 
April  7 — Inreafigation  of  Current  Transformers. 
April  7 — FormulEB    for   the    Computation   of   Induction   Between    Powe;   and 

Signalling  Wirea. 
Sept.  8 — Teats  of  Potentiftl  Translormera,  April  20  and  23,  and  July  4,  1913. 
May    S — Teat  of  Noiae  on  Telephone  Circuits  at  Salinas,  March  30  and  April  13, 

''■'■■  ■  1913.    '■  "    .  _     ,   ,  ■         ,    ,-. 

June  9 — Effect   of  Grounding  the   Nentral   of  the  Power  Tranalormefs  at 

Salines-^Telephone  Circuits  Shielded,  April  4,  1918. 
June  9 — Computation  ol  the  Effect  of  Different  Factors  In  the  Production  of 

Inductive  Disturbances  in  Telephofie  Circuits  for  Exposure 'Ko.  £  bS 

Salinas. 
.   June   9 — The   Effect   of   EnoWH    Residual   Current   and   Residual   Voltage  in 

EipoBure  No.  2  at  Salinas,  May  10-11,  1913.  _        „ 

.    Sept  3— Comparieon  of  Technical  Reports  So.  22  and  No.  2i8.'  '"■''  ""',  /, 

Jane  9 — Indaction  in  Telephone  Circuits  Between  SiUinas  and  King  Ci^, 

April  24,  1W8. 
June   9 — Comparison  of  Current  Transformers  for  Rcaldsal  Carrent. 
July  I4^^Induction  in  Telephone  Circuits  in  Exposure  No.  2  at^aJinas.  with 

the  North  Beach  Steam  Station  Bnergialng  the  Power  System,  May  ift 
"and  17,  1913. 
Sept.  S^Indaction '  in  Telephone  Gircuita  in  fciposnre  No:  2.     Five  PerOent' 

I»wer  Voltage  Taps  at  Guadalupe,  May  19,  1913. 
Sept.  3 — Effect  of  Grounded  and  Non^rounded  Neutral  on  Telephone  Circuits 

in  Eiposurea  No.  1  and  No.  2,  June  13,  1913. 
Sept.  8 — Effect  of  Grotmding  the  Nentral   of  the  Power  Transformers  at 

Salinas— Telephone  Circuits  Shielded  and  Nonahielded,  June  18  and 
14,  1018. 
Sept.  3 — Induction  in  Telephone  Circuits  Between  Salinas  and  King  City, 

June  18,  1913._ 
Sept.  3 — iDdnction  in  Test  I^ea^'  Usedat  Salinas  ttfr  €ohnectbig  the  Tastjag' 

Apparatus  to  the  Toll  Circuits  of  Exposure  No.  2  pnd  lbe.,E^ect  ot 

Such  on  the  MewureaientB  of  Induction  trtyot  this  Ei^MBure,  June  28 
and  27,  August  £>  and  ^8,  1913. 
Sept.  3 — Effect  of  Low  Insulation  ReaietanGe  on  the  Induction  in  Exposure 

.   _ JSo.  2.  at  Salinaa,  June  30,  1013, 

Sept,  .3r:-JnductiBn.  in   Telegmpb   Circuits  BelSveep   Salinas  and   Sftn  Jose, 

.    Jemuary  16 .to  Fibmary-S,  1P18.      ■  ■  I       . 

Sept.  3 — Noise  Tests  on  All  Tali  Circuits  Radiating  frMn  Salinas,  July  2  and  3, 
1913. 
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B  No.  1. 

(a)   The  Effect  of  Opening  the  Secondary  Delia  at  Salinas  (T.  R.  No.  6). 

This  test  wa«  made  on  telegraph  and  telephone  circaits  of  exposures 
\o.  1  and  No.  2  to  determine  the  effect  of  opening  the  eecoddatr  delta 
winding  of  the  load  transformers  at  Salinas.  During  this  test  the 
Da-tv.  power  line  between  Guadalupe  and  Salinas  was  energized  from 
Guadalupe  in  the  normal  way.  All  load  was  removed  from  the  power 
transformers  at  Salinas,  both  from  the  taps  on  the  high  potential  star 
connected  winding  and  from  the  2,300  volt  delta  connected  winding. 
The  neutral  of  the  transformers  was  grounded  and  one  corner  of  the 
delta  winding  was  opened.  This  condition  does  not  exist  at  Salinas  oa 
the  system  of  the  Sierra  and  San  Francisco  Power  Company  with  the 
present  method  of  operation  at  that  point.  It  was  introduced  for  experi- 
mental purposes.  The  object  of  this  test  was  to  obtain  some  data  as  to 
the  effects  of  operating  a  transmission  line  with  the  secondary  delta  of 
the  transformers  open.  This  type  of  connections  offers  a  high  impedance 
secondary  path  to  the  third  harmonic  of  the  magnetizing  cuirrenL 

By  comparison  with  the  data  of  other  teati  at  Salinas  ihia  test  diowa 
that  opening  the  secondary  delta  caused — 

A  lai^e  increase  in  the  residual  voltage  Mid  residual  current  of 
the  55-kv.  line,  particularly  the  third  hanrnmic. 

An  increase  in  the  longitudinal,  induced  voltage  in  the  telegraph 
cirenita  in  exposure  No.  1. 

An  increase  in  the  longitudinal,  induced  voltage  in  the  telephone 
circnits  in  exposure  No.  1  and  No.  2  combined.  • 

An  increase  lo  the  longitudiiial,  induced  voltage  in  the  telephone 
circuits  in  exposure  No.  2,  measured  with  the  far  end  o|  the  circuit 
open.  ,  ' 

(No  data  are  recorded  of  the  effect  on  the  circuits  in  exposure 
No.  2  alone  measured  with  the  far  end  of  the  ciftuits  ^rormded.)  . ' 

Predominant  third  harmonic  in  the  induced  volt^e  in ;the^8teDal■< 
ling  circuits,  both  longitudinal  and  transverse. 

(6)  Effect  of  Grounded  and  Nongrounded  Neutral  on  Telephone 
Circuits  in  Exposure  No.  1  and  No.  2  (T.  R.  No.  30). 
This  test  was  made  to  determine  the  effect  of  grounding  the  neutral  of 
the  autotransformers  at  Salinas  on  the  induction  in  the  telephone  eir- 
oaits  which  parallel  the  55-kv.  line  of  the  Sierra  and  San  Francisco 
Power  Company  in  exposures  Nos.  1  and  2.  It  should  be  noted  that  these 
telephone  circuits  are  also  paralleled  by  the  22-kv.  line  of  the  Coast 
Counties  Gas  and  Electric  Company  for  a  part  of  their  length,  and, this 
22-kr.  line  was  presumably  in  normal  operation  during  the  tests.  Tele- 
phone circuits  other  than  the  test  circuits  were  in  normal  operation. 
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The  effects  of  groundiiig  the  neutral  of  the  autotritiLsformers  at 
SaliQas  may  be  summarized  as — 

No  noticeable  change  ia  the  magnitude  of  the  noise  in  the  tele- 
phone ci  realty. 

A  slight  change  in  the  quality  of  the  noise  in  the  telephone 
circuits. 

Increased  longitudinal  induction  in  the  telephone  circuits  meas- 
'     ured  with  the  far  end  of  the  circuits  open. 

Large  increase  in  ninth  harmonic  in  the  transverse  induction  both 
with  the  far  end  of  the  circuit  open  and  with  it  shorted^  through 
a  subscriber's  set. 

For  either  condition  of  the  neutral  the  following  obserrations  were 
noted: 

The  noise  in  the  telephone  circuits  was  greater  with  the  far  end 
of  the  circuit  open  than  with  it  shorted  through  a  subscriber's  set. 

The  presence  of  prominent  third  and  ninth  harmonics  in  the 
transrerse  induced  voltage  indicates  that  either  the  re^dnal  voltage 
or  the  residual  current  or  both  are  important  in  the  pndaotion  of 
noise  in  these  exposures. 

No  definite  statement  can  be  made  as  to  the  magnitude  of  the 
induction  due  solely  to  the  55-kv.  line  of  the  Sierra  and  San  Fran- 
cisco Power,  Company  in  exposure  No.  1  because  the  telephone 
circuits  under  test  are  paralleled  also  by  the  22-ky.  circuit  of  the 
Coast  Counties  Gas  and  Electric  Company  from  Morgan  Hill  to 
Sargent.    Exposure  No.  2  is  not  subject  to  this  difficulty. 

(c)  Induction  in  Telegraph  Gircvits  Between  Salinas,  and  San. Jose 
(T.R.No.36). 

These  tests  were  made  at  Salinas  on  the  telegraph  circuits  of  the 
'Western  Union  Telegraph  Company  and  the  Southern  Pacific  Company 
in  exposure' No.' 1,  to  determine  the  ma^itnde  of  the  induction  in  these 
etrenits.  The  telegraph  circuits  under  test  are  paralleled  in  this 
exposure  by  the  22-kv.  power  line  of  the  Coast  Counties  Gas  and  Electric 
Company  from  Morgan  Hill  to  Sargent,  and  the  55-kv.  power  line  of  the 
Sierra  and  San  Francisco  Power  Company  from  Edenvale  to  Gilroy  and 
from  Carnadero  to  Sargent. 

Oil  account  of  the  incompleteness  of  the  measurements  of  the  induced 
voltages  and  currents  in  the  telegraph  circuits,  it  is  impossible  to  draw 
any  conclusions  as  to  the  absolutu  value  of  the  induction,  and  the  effect 
of  either  of  the  power  lines  on  the  telegraph  circuits.  The  fundamental 
and  third  harmonic  frequencies  are  predominant  in  the  voltage  induced 
in  the  telegraph  circuits. 

A  test  was  also  made  to  determine  the  effect  of  opening  one  comer 
of  the  secondary  delta  of  the  transformers  at  Salinas.  The  results  of 
thia  test  are  given  in  the  discussion  of  technical  report  No.  6. 
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K.  Kxponire  No.  2. 

A — Tests  Undes  Opebatino  Conditions  op  the  Pow^r  System. 
(Technical  Reports  8,  15,  27,  28  and  31.) 
(a)  Diacustion  of  Beperts. 

(T.  R,  No.  8)  This  report  records  the  results  of  the  first  of  a  number 
of  tests  made  iipon  this  exposure  under  operating  conditions  of  the 
power  ^Btem.  The  object  of  this  test  was  primarily  to  determine  the 
effect  of  the  condition  of  the  neutral,  grounded  or  nongrounded,  of  th« 
sntotransformeTB  on  the  induction  in  the  telephone  circnits.  The  power 
system  was  energized  in  the  normal  manner.  The  neutral  was  grounded 
during  tbe  first  series  of  tests.  The  same  tests  were  repeated  later  with 
the  neutral  ground -connection  removed.  The  telephone  drcoita  not 
ooder  test  were  open  and  clear  at  both  ends  of  the  exposure,  thus 
exercising  the  minimum  shielding  effect  upon  the  test  circuits.  Mention 
of  this  fact  was  unintentionally  omitted  from  the  report. 

A  close  study  of  this  report  in  connection  with  other  and  later  reports 
made  on  this  exposure  shows  several  inconsistencies  in  the  data  and 
conclusions.    These  are  pointed  out  below. 

In  tbe  noise  tests  the  amount  of  noise  measured  on  circuit 
No.  1673  appears  to  be  much  greater  than  in  other  testa  and  the 
marked  effect  of  grounding  the  neutral  has  not  been  observed  since. 
In  explanation,  it  is  thought  that  the  circuit  or  apparatus  waa 
grounded  at  some  point. 

In  table  4  (c)  the  short  circuit  current  recorded  for  circuit 
No.  151  at  12.45  a.ni.  is  5  milliamperes.  The  circuit  was  supposed 
to  be  clear  at  the  far  end.  Such  a  large  current  has  not  been 
observed  for  the  same  conditions  in  other  tests  and  is  very  large 
compared  with  that  observed  for  similar  circuits  and  conditions  iU 
this  test.  A  ground  on  the  circuit  is  supposed  to  have  been  the 
reason  for  the  large  current  obtained.  Ip  the  same  table  the  value 
of  short  circuit  current  for  circuit  No.  159  at  4.45  a.m.  is  given  as 
3.4  milliamperes.  The  far  end  of  this  circuit  was  supposedly 
grounded.  It  is  evident  by  comparison  of  the  data  for  this  and 
later  tests  that  the  far  end  of  this  circuit  must  have  been  clear  and 
not  gronnded  as  reported,  probably  a  mistake  on  the  part  of  the 
lineman  at  the  distant  end. 

It  is  quite  evident  now  that  the  residual  current  as  given  by 
oscillogram  No.  176  is  incorrect.  The  oscillogram  shows  the  wave 
forms  of  the  residual  current  and  line  current  to  be  practically  the 
same.  An  error  in  connections  probably  accounts  for  this  result. 
The  induced  currents  and  voltages  on  circuit  No.  151,  as  given  by 
this  same  oscillogram,  appear  rather  small  for  the  conditions  as 
stated  and  are  therefore  doubtful. 

On  oscillogram  No.  174,  the  amplitude  and  wave  form  of  the 
current  in  circuit  No.  269  indicate  that  the  circuit  was  in  reality 
gronnded  at  the  far  end,  uid  not  clear  as  reported-  ,n\Q 
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Many  of  the  conclusiona  given  in  technical  report  No.  8.  rest  upon 
these  results  and  are  therefore  regarded  as  erroneous  or  doubtful.  This 
applies,  in  particular,  to  the  conclusions  in  regard  to  the  effect  of 
pounding  the  neutral  of  the  power  transformers  on  the  induction  and 
upon  the  power  system  itself.  As  a  number  of  other  and  more  reliable 
tests  have  been  made  on  this  exposure,  reference  should  be  made  to  the 
results  of  those  testa  in  regard  to  this  question.  It  should  be  noted  that 
means  have  since  been  provided  for  quickly  checking  the  condition  of  the 
test  circuits,  thus  avoiding  some  of  the  mistakes  to  which  attention  has 
be?n  called. 

(T.  R.  No.  15)  The  teats  described  in  this  report  were  made  to  deter- 
mine the  relative  induction  in  the  telephope  circuits  under  the  conditions 
of  grounded  and  nongrounded  neutral  of  the  autotransformers.  They 
were  intended  to  be  complementary  to  those  described  in  technical 
report  No.  8,  and  differed  frcm  the  earlier  tests  in  ib&t  the  circnits.not 
used  for  testing  purposes  were  grounded  at  tie  far  end  of  the  exposure, 
thus  exercising  an  electrostatic  shielding  effect  upon  the  test  circaits. 
Oondidoms  on  the  power  system  were  the  same  as  obtained  in  the  former 
tests. 

As  shown  by  the  tests  of  this  date,  the  condition  of  the  neutral  made 
no  appreciable  difference  in  the  magnitude  or  character  of  the  noise  in 
the  telephone  circuits.  In  the  tests  reported  in  technical  report  No.  8,  a 
c<Hi&iderable  difference  in  the  magnitude  and  character  of  the  noise 
was  Boted  for  the  two  conditions  of  the  neutral,  grounded  and  non- 
grounded.  At  the  time  technical  report  No.  15  was  prepared  the  differ- 
ence in  the  effects  of  grounding  the  neutral  as  observed  in  the  two  testa 
could  only  be  ascribed  to  the  effect  of  electrostatic  shielding.  As  this 
was  not  considered  a  satisfactory  explanation  of  this  difference,  further 
tests  were  deemed  advisable.  These  further  tests  have  Doofirmed  the 
assumption  that  shielding  was  not  the  cause  of  the  difference  in  the 
effects  noted,  which  can  now  be  explained  on  the  basis  of  errors  dis- 
covered or  assumed  in  the  earlier  tests. 

On  account  of  the  marked  difference  in  the  results  of  the  two  tests, 
and  having  no  satisfactory  explanation  of  this  difference,  no  attempt  was 
made  in  technical  report  No.  15  to  discuss  in  detail  the  effect  of  ground- 
ing the  neutral.  This  omission  was,  also,  partly  due  to  the  difBculty 
^nd  uncertainty  of  comparisons  owing  to  the  length  of  time  between 
comparable  -  observations.  The  effects  of  grounding  the  neutral  as 
shown  by  an  inspection  of  the  tables  in  this  report  are — 

By  c,oinparison  of  resonant  analyses : 

A  marked  decrease  in  the  prominent  harmonics,  third  and  ninth, 
.   of  the  longitudinal  induction  both  electromagnetic  and  electrostatic; 
A  decrease  in  the  third  harmonic  of  the  transvei^  electrostatic 
Motion.  ,       ■  .  .         ;      ^;„o,,|^. 
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A  decrease  in  the  third  and  ninth  harmonics  of  the  residnal 
earrent ; 

By  comparison  of  oscillograms : 

All  increase  ia  the  fundamental  aod  a  decrease  in  the  third  and 
ninth  harmonics  of  the  longitudinal  induction,  both  electromagnetic 
and  electrostatic ; 

An  increase  in  the  fundamental,  a  decrease  in  the  third  harmonic 
and  a  slight  increase  in  the  ninth  harmonie  of  the  residual  current. 
It  should  be  noted  that  this  effect  on  the  ninth  harmonic  does  not 
agree  with  the  effect  noted  by  the  resonant  shunt.  The  two  methods 
are  in  agreement  as  to  the  other  points  mentioned.  It  should  be 
remembered  that  the  fundamental  ia  not  measured  by  the  resonant 
shunt. 

In  oonnection  with  technical  report  No.  15  there  is  given  a  discussion 
of  the  effects  of  transpositions  in  the  power  and  telephtme  circuits.  The 
revolts  of  s  stndy  of  the  existing  transpositions  and  of  a  modified  system 
designed  to  reduce  the  indnction  are  given.  As  some  of  the  principles 
oatlined  in  this  discussion  are  fundamental  to  this  and  other  exposures, 
no  attempt  ia  made  to  abstract  them  here.  Beferenoe  should  be  made  to 
the  full  discussion  in  technical  report  No.  16,* 

(T.  B,  No.  27)  During  these  tests  the  power  ^stem  was  energized 
from  the  steam  station  at  North  Beach,  San  Francisco,  and  measnre- 
mentfl  made  of  ths  induction  with  the  neutral  of  the  autotransfcvmers  at 
Salinaa  grounded  and  nongrounded.  The  tests  are  complementary  to 
those  recorded  in  technical  reports  No.  8  and  No.  15,  except  in  regard  to 
the  power  system  energy  supply. 

No  characteristic  change  attributable  to  the  North  Beach  station  was 
observed  in  power  line  voltages  and  currents,  except  in  the  neutral 
current,  in  which  the  third  harmonic  is  reduced  to  one-half  its  normal 
value. 

No  effects  of  shielding  were  observed. 

The  line  voltage  to  ground  at  Salin&s  was  reduced  3%,  for  a  short 
time,  by  lowering  the  generator  voltage  at  North  Beach,  and  its  effect  on 
the  neatral  and  line  cnirents  observed.  For  the  discussion  of  these  data, 
see  review  of  technical  report  No.  28,  below. 

(T.  B.  No.  2B)  To  determine  the  effect  on  the  indnction  of  lower 
flux  denfflty  in  the  Salinas  autotranidormers,  and  all  the  transformen 
supplied  from  them,  these  tests  were  made  with  the  power  line  voltage 
reduced  5%  by  change  of  taps  at  Guadalupe. 

The  results  indicate  that  no  marked  change  in  the  power  line  voltages 
and  currents,  or  in  the  induction,  occurred  as  a  result  of  this  alteration 
in  the  operating  condition. 

The  method  of  lowering  the  voltage  here  used  does  not  alter  the  flux 
density  of  the  Guadalupe  transformera,  and  no  effect  was  observed  on 
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the  neutral  current  at  Salinas.  Lowering  the  voltage  at  North  Beach,  as 
described  in  technical  report  No.  27,  caused  a  reduction  in  the  primary 
voltage  and  the  flux  density  of  the  Guadalupe  transformers.  The 
neutral  current  at  Salinas  in  this  case  was  lowered  25%  in  effective 
value,  and  the  third  and  ninth  harmonics,  about  40%.  This  reduction, 
therefore,  appeara  to  l)e  due  to  a  lowering  of  the  flux  density  in  the 
generators  and  main  transformers  of  the  system.  Unfortunately,  no 
data  on  residual  current  were  obtained,  under  the  lowered  voltage 
condition. 

(T.  R.  No.  31)  The  object  of  the  test  was  to  determine  the  features 
and  relative  magnitude  of  the  induction  under  the  conditicHis  of 
grounded  and  nongrounded  neutral,  the  effect  of  the  condition  of  the 
neutral  on  the  power  ^stem  itself,  and  the  effect  of'eleotrostatic  shield- 
ing on  the  telephone  circuits. 

During  the  tests  the  power  system  was  energized  from  its  normal 
Bouree  of  supply.  The  neutral  was  grounded  or  ungrounded  at  willi 
thviB  obtaining  comparable  observations  with  a  minimum  of  elapsed  time. 
The  results  of  this  test  can,  therefore,  be  relied  upon  to  show  the  effect 
of  the  condition  of  the  neutral  with  greater  accuracy  than  those  of  previ- 
bns  tests.  In  other  respects,  too,  this  report  gives  more  complete  infor- 
mstifHi  in  regard  to  the  different  features  of  the  induction, 

Beference  to  the  rather  complete  discnssions  contained  in  the  report 
o&n  profitably  be  made  in  oonsidering  this  general  review  of  the  results 
obtained  at  Salinas. 

(6)  Summary  of  Results  (T.  R.  No.  8,  No.  15,  No.  27,  No.  28  and  No.  31) . 

The  most  reliable  information,  gathered  from  the  results  of  the  various 
tests,  as  to  the  effect  of  grounding  the  neutral  of  the  Salinas  autotrans- 
formers,  on  the  power  system,  and  on  the  induction  in  the  telephone 
ciiMuits  of  this  particular  exposure  (No.  2  at  Salinas)  is  summarized  in 
the  foUowing  table.  It  can  not  be  said  that  these  results  will  obtain 
for  the  exposure  under  any  other  condition  of  the  power  eyBtem,  and 
these  facts  can  not  be  generalized  to  apply  to  any  other  exposare. 

Inspection  of  the  table  shows,  that  under  existing  conditions,  for  this 
exposure,  the  induction  in  the  telephone  circuits  is  somewhat  less  with 
the  neutral  at  Salinas  grounded  than  with  it  nongrounded. 
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dr*et    of    Oroundlng   NautrsI   «f  KaMnu  Autotranaformer*. 


Ourrent 

Line 

Eff.  value 
Harmonics 

No  effect. 

Mo  appreciable  effect. 

RMldual 

Efl.  value 
Harmonics 

-10%. 

1+,  3-,  9-. 

ayatem 

Toltase 

Line 

Efl.  value 

Ho  affect. 

No  appreciable  effect 

Residua] 

Eff.  value 
HanaonlcH 

Probablir  decreaaee. 
1-,  8-.  »-. 

Electro- 
magoetlc 
tnd  action 

Molae 
HannonlcB 

-20%. 
3-.  »-. 

Telephone 
ntum 

Loncltudlnal 

Eff.  valoe 
HarmoDlcB 

-50%. 

3-.  9-.  l&f. 

Electro- 
static 
Induction 

Tranaverse 

Nolae 
Harmonics 

No  effect. 
No  effect. 

Longitudinal 

Eff,  value 
Harmonics 

Slight  decrease. 
S— .  9  ineonslatent. 

(Nes^tlve  fllrn  Indicates  a  deareaae.) 

The  following  table  of  the  pFomineiit  harmonics,  in  the  currents  and 
voltages  of  the  power  system  and  in  the  induction  in  the  telephone 
circuits,  is  valuable  in  lowing  the  relative  importance  of  different 
factors  in  producing  the  induction  observed. 

Promlnant  Harmonica. 


Ourrentfl 

Line 

1.  8,  8.  7.  U.  18. 

Residual 

1,  3.  9. 

Toltages 

Line 

1.  fi.  7.  11. 

Residual 

1,  8,  ». 

Electro^matnetlc 

Trensverae 

8.  9  (1  not  meaanred). 

Indnetlon  In 
telepbone 

system 

Longltadlnal 

1.3,  9. 

Electro-static 

TranBTerae 

S,  7  (1  not  meaaored). 

Lonsltndlnal 

3,  9  (1  not  measured). 
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The  fundamental  and  the  third  and  ninth  harmonics  are  prominent  in 
the  neutral  current.  The  effect  of  the  neutral  in  so  far  as  this  exposure 
is  concerned  is  through  the  residual  current  of  the  SS-kv.  line.  The 
above  tabulation  of  prominent  harmonics  holds  for  either  condition  of 
the  neutral,  grounded  or  nongrounded,  though  the  relative  magnitudes 
of  these  harmonies  do  not  remain  the  same  under  the  two  conditions. 

It  is  to  be  noted  that  the  line  currents  and  voltages  exhibit  chieSy 
the  characteristics  Of  the  balanced  currents  and  voltages  oTving  to  the 
predominance  of  the  balanced  over  the  residual  components. 

From  a  comparison  of  the  prominent  harmonics  of  the  power  and 
telephone  systems  (currents  and  electromagnetic  induction,  voltages  and 
electrostatic  induction)  the  following  conclusions  are  drawn:  (o)  the 
transverse  and  longitudinal  electromagnetic  induction  is  due  largely 
to  the  residual  current;  (b)  the  transverse  electrostatic  induction  is  due 
largely  to  the  balanced  voltages ;  (c)  the  longitudinal  electrostatic  indac- 
tion  is  due  largely  to  the  residnal  voltage. 

Values  of  the  mutual  inductance,  computed  on  the  assumption  that 
the  total  third  and  ninth  harmonic  voltages  of  the  longitudinal,  electro- 
magnetic induction  arise  entirely  from  the  residual  current,  are  of  the 
same  order  of  magnitude  as  those  obtained  by  the  residual  current  test 
described  in  technical  report  No.  23  and  therefore  confirm  the  above 
statement  as  to  the  origin  of  longitudinal  electromagnetic  induction. 

The  results  of  various  analyses  of  the  residual  current  are  collected  in 
a.  table  below.  Similar  collections  made  for  residual  voltage  and  for 
neutral  current  are  given  under  7  (f)  and  7  (o)  respectively. 


Oiclllosrami 

of    Reilduat    Currant— 6S-kw.    Lin*.      MFIIIamp«rM. 

T.  B. 
Kb. 

?£■ 

OnlxidBnwnta 

Dim.  l»\» 

■l-!-hl'l"l"l»l- 

March  15 8  IW  aoo 

June  3 :  15  189  58 

May  17 27  252  61 

May  17 27  256  » 

May  19 28  MB  61 

May  19 28  272  57 

June  14 31  282  61 

June  U  — 31  284  46 

June  14 31  287  S6 

Average  57 

-  Oseinocrrain  No.  178  In 
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Mwcb  15 8  172  23 

Jnne  3 15  IM  70 

Hay  16 27  241  IBO 

May  17 27  260  200 

May  19 28  265  180 

May  19 28  27«  176 

June  H 31  281  129 

June  14 31  283  150 

Jnns  14 81  386  160 

June  30 34  310  78 

June  30 34  313  tS 

June  30 34  314  81 

Jnne  30 34  818  81 

June  30 34  321  100 

Avcrago  120 


The  lengths  of  the  nnbalaneed  exposures,  resulting  from  the  existing 
transpositions  in  the  power  and  telephone  circuits,  h&v'e  been  computed 
and  a  study  has  been  made  to  see  how  the  present  transposition  system 
can  be  modified  so  as  to  reduce  the  transverse  induction.  The  foUowli^ 
table  pvea  the  lengths  of  unbalanced  exposures  due  to  the  present 
system. 


B-M,U«»-,„d 

"-^SS""" 

NorUi.      1       Soutb. 

"^  1  x^ 

LoDEttudlnal 
Truuvers»-Fliuitotn  No 
Trans  verse-Pb  an  torn  No 

leso 

1573 

23,400        18.000 
+2,300       -2.800 

+2,800       -2.700 

4.E0O            2.600 
10.200          11.100 
12.000          11.500 

The  exposure  is  divided  into  two  parts,  "North"  and  "South,"  with 
reference  to  the  crossover  between  the  two  lines.  The  phase  angles  of 
ioduction  are  different  for  these  different  sections,  and  they  are,  there- 
fore, separately  considered. 

The  unbalanced  exposures,  resulting  from  the  proposed  system  of 
transpositions  designed  with  particular  reference  to  the  transverse 
unbalance,  are  tabulated  below.  These  unbalances  are  worked  out  for 
the  balanced  currents  and  voltages  only.  Included  in  the  table  in  order 
to  facilitate  comparison  are  the  corresponding  unbalances  of  the  existing 
system. 
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^sSiSsr 

.^1^ 

Kath            Samb 

LongltiKllnal 

TrBUHVerBe-Phantom  No.  1680 
TranBverBe-PhBQtom  No.  IffTS 

4.500          2.600 
10;200         11.500 
13.000         11.500 

2,300                  0 
2.400                  0 
2.200            8,200 

The  proposed  system  <^  transpositions  requires  that  the  existing 
transpositions  of  the  power  line  be  removed  and  that  the  line  be 
re-transposed,  loeatinj  power  tran^ositions  opposite  the  following 
telephone  poles:  49/33,  50/16,  51/4,  51/26,  52/11,  53/19,  54/4,  54/24, 
65/8,  55/23. 

It  is  very  probable  that  an  application  of  this  proposed  system  of 
power  transpositions  would  greatly  reduce  the  transverse  induction  in 
the  telephone,  circuits  resulting  from  this  exposure  and  would  give 
much  valuable  information  regarding  the  effect  of  a  proper  relative 
location  of  power  and  telephone  transpositions.  A  more  nearly  complete 
discussion  of  the  points  to  be  considered  in  the  re-design  of  the  present 
transposition  system  is  given  in  the  resumfi  of  technical  report  No.  15. 
It  should  be  noted  that  it  was  impracticable  to  try  out  this  proposed 
system  of  transpositions  owing  to  the  fact  that  the  power  line  could  not 
be  shut  down  for  a  sufBeient  length  of  time.* 

No  marked  change  in  the  power  line  voltages  and  currents  or  in  the 
induction  were  observed  with  5%  reduction  in  the  line  voltage  from 
Oaadalupe  south,  obtained  by  changing  the  autotransformer  taps. 

With  the  North  Beach  steam  station  energizing  the  power  system, 
and  its  voltage  reduced  so  as  to  cause  a  3%  reduction  at  Salinas  there 
was  a  marked  reduction  {40%  in  third  and  ninth  harmonica)  in  the 
neutral  current. 

With  the  North  Beach  steam  station  energizing  the  system  at  normal 
voltage  the  only  change  observed,  which  could  be  attributed  to  the 
difference  in  generatore,  waa  a  reduction  of  about  one-half  in  the  value 
of  the  third  harmonic  in  the  neutral  current. 

With  the  Monterey  steam  station  energizing  the  autotransformers 
there  was  a  noticeable  lack  of  high  harmonics  in  the  line  voltages  and 
currents. 

In  regard  to  shielding  the  teat  circuits  eleetroetatically  by  grounding 
the  other  circuits  on  the  telephone  lead  at  one  end,  there  is  some  indica- 
tion that  both  longitudinal  and  transverse  electrostatic  induction  are 
somewhat  less  with  shielding.    No  accurate  estimate  can  be  made  as  to 
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the  magnitude  of  this  reduction  owing  to  the  long  elapsed  time  between 
comparable  observations,  with  consequent  change  in  other  coDditions. 
No  data  were   obtained  in  this  exposure  regarding  electromagnetic 
sluelding. 

On  this  length  of  exposure,  namely  8  miles,  it  is  possible  to  measure 
separately,  umder  different  circuit  conditions  of  the  signalling  circuits, 
tile  electrostatic  and  electromagnetic  induction.    This  statement  should 
be  interpreted  to  mean  that  certain  circuit  conditions  and  apparatus 
favor  the  predominance  of  one  factor,  while  making  the  other  negligibly 
small.    It  will  not  in  general  be  possible  to  differentiate  in  this  manner 
between  electromagnetic  and  electrostatic  induction,  in  longer  exposures. 
Prom  noise  measurements,  the  ratio  of  the  electromagnetic  to  the 
electrostatic  transverse  induced  current  is  from  one-third  to  one-half. 
The  effective  value  of  the  longitudinal  voltage,  arising  from  electro- 
static induction,  is  much  greater  than  that  due  to  electromagnetic  indac- 
tion.     Resonant  analyses  show  that  this  relation  holds  for  the  third 
harmonic  voltage ;  however,  in  general,  the  reverse  appears  to  be  true, 
particularly  for  the  ninth  and  higher  harmonies.    For  transverse  induc- 
tion the  resonant  analyses  show  that  the  harmonic  voltages  due  to-the 
deetmstatio  effect  of  the  power  system,  are,  in  general,  greater  than 
then  doe  to  the  electromagnetic  effect. 

It  mnst  be  noted,  in  considering  the  above  paragraphs,  that  the  rela- 
tive importance  of  electrostatic  and  electromagnetic  induction  in  causing 
a  disturbance  in  a  cirenit  under  commercial  operation,  is  not  given  by 
the  ratio  of  the  indneed  voltages  arising  from  the  two  types  of  induction. 
This  depends,  not  only  upon  the  induced  voltages,  but  also  upon  the 
impedance  of  the  nonexposed  sections  of  the  circuit  (including  terminal 
spparatna),  and  upon  the  open  and  short  circuit  impedances  of  the 
exposed  section.  The  induced  voltages  are,  of  course,  of  fundamental 
importance.  These  considerations  are  in  line  with  the  report  of  the 
Program  Committee,  presented  on  April  7,  as  to  the  necessity  of  investi- 
gating the  effect  of  nonexposed  sections  of  circuit  and  terminal  appa- 
ratus in  reducing  disturbances  arising  from  a  given  exposure. 

The  introdnctitm  of  the  terminal  apparatus  described  in  technical 
report  No.  8  (see  P.  I.  C.  No.  42),  between  the  circuit  tmder  test  and 
the  receiver  of  the  noise  standard,  caused  a  reduotion  in  the  ndiae 
amounting  to  approximately  50%  of  that  measured  without  this  terminal 
Apparatus.  It  ia  planned  to  obtain  much  more  complete  informatioti  on 
this  snbjeet  in  carrying  out  the  suggestions  of  the  Frt^nwn  Committee. 
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B — SPBcaAL  Tests  anp  Computations. 
{Teohnioal  Reports  9,  22,  23,  24.) 
(o)   Test  of  Known  Sesidual  Currents  and  Voltages.   (T.  B.  No.  9). 
'    The  results  of  this  test  indicated  discrepaQcies  between  tbe  measured 
and  computed  values  of  the  voltages  in  the  telephcue  eixoaits  induced 
by  residual  enrrents  and  residual  voltages,  in  ezposuro  No.  2  at  Salinas. 
The  data. acquired  were  not  sufficient  to  warrant  final  conolosions,  so 
that  it  waa  decided  to  supplement  it  by  further  teats.    This  was  done 
as  reported  in  technical  report  No.  23. 

(6)  The  Effect  of  Known  Residual  Current  arid  Besidwd  Voltage  in 
Exposure  No.  3  at  Salinas  (T.  E.  No.  23). 

RESIDUAL  CURRENT  TEST. 

The  data  derived  from  this  teBt  show  that  the  longitudinal  induced 
voltage  on  the  telephone  circuits  in  this  exposure  corre^ondiug  to  any 
harmonic,  is  2.8n  volts  per  ampere  of  the  same  bajrmonic  in  the  residual 
current  of  the  power  line,  n  is  the  order  of  the  barmonie,  being  unit? 
for  the  fundamental  frequency. 

BESIDUAL  VOLTAGE  TEST, 

The  datadeiived  frote  this  test  show  that  the  longitudinal  induced 
voltage  on  the  telephime  oireuitSy  in  this  exposure,  oonesponding  to  any 
hamuaiie  is  L5  per  cent  of  the  same  harmonic  in  the  residual  voltage  of 
the  power  line. 

'  The  above  ooefficients,  for  electromagnette  and  electrostatic  induction, 
were  derived  with  the  other  circuits  on  the  telephone  lead  open  and 
tslear. 

(e)   Cotttpviatioii  of  the  Effect  of  Different  Factors  in  the  Production 

of  Inductive  iHsturbances  in  Telephone  Circuits  for 

Exposure  No.  2  at  Salinas  (T.  K.  No.  22). 

From  the  formulee,  quoted  in  technical  report  No.  12*,  the  coefBoients 
for  longitudinal  and  transverse  electromagnetically  and  electrostatically 
induced  voltages  dae  to  balanced  and  residual  currents  and  voltages  have 
been  computed  for  exposure  No.  2  at  Salinas. 

The  computations  are  based  on  an  average,  uniform  separation 
between  the  power  and  telephone  lines,  uniform  conflgnratioo  of  the 
two  lines,  imiform  height  above  ground  for  the  conductors,  and  do 
not  take  into  account  the  shielding  effects  of  neighboring  objects.    The 
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surface  of  the  eartht  was  taken  as  the  neutral  plane  for  the  detertnlna- 

tion  of  the  portions  of  the  images. 

(d)  Comparison  of  Technical  Reports  No.  S2  and  iVo,  S3  (T.  R.  No.  24) . 

The  principal  points  to  be  noted  in  comparing  technical  reports  No.  22 
and  No.  23  are  the  discrepancies  between  the  computed  and  measured 
coe£Scients  of  induction.  The  eompnted  clectromagDetically  indnced 
voltage  is  less  than  that  which  was  measured.  The  computed  electrostati- 
cally indnced  voltage  is  greater  than  that  which  was  measured. 

The  discrepancies  in  the  coefficients  for  electrostatic  induction  are 
probably  due  to  the  shielding  effects  of  neighboring  objects. 

The  discrepancies  in  the  coefficients  for  electromagnetic  induction  are 
probably  due  to  the  return  path  of  the  current  through  the  earth  beinjg 
at  a  considerable  depth  below  the  earth's  surface. 

The  computed  coefficients,  for  electromagnetic  induction,  have  been 
revised  to  accord  with  actual  values  determined  by  test.  The  revision 
was  accomplished  by  assuming  images  in  accord  with  the  equivalent 
depth  of  earth  return  currents  indicated  by  the  tests  recorded  in  tech- 
nical report  No.  23.  The  most  probable  coefficients,  thus  derived,  are 
tabulated  in  technical  report  No.  24,  With  these  revised  coefficients  it 
is  possible  to  estimate  the  longitudinal  voltages  arising  from  electrostatic 
and  electromagnetic  induction  in  a  telephone  wire  in  exposure  No.  2  for 
given  values  of  harmonics  in  the  residual  voltages  and  ciirrents  of  the 
power  ^stem. 

6.  Ezpognre  Ko.  3,  Befeveen  Salinw  and  Einff  Cltjr. 
(o)  Induction  in  Telephone  Circvits:  Between  SoUims  and  King  City 
(T.  E.  No.  25  and  T.  R.  No.  32). 

The  purpose  of  these  tests  was  to  determine  the  disturbances  in  the 
telephone  lines  of  this  exposure  under  normal  operating  ofmditions  of 
the  power  line,  with  the  neutral  of  the  Salinas  autotransformers  either 
grounded  or  nongrounded,  and  the  effect  of  partially  shielding  the  tele- 
phone circuits  under  test  by  grounding'  other  wires  on  tiie  lead. 

Almost  all  the  evidence  regarding  the  effect  of  the  neutral  connection 
is  from  technicftl  report  No.  82,  as  in  the  tests  there  reported  it  was 
possible  to  ground  or  uaground  the  neutral  at  will  throughout  the 
tests,  while  in  the  tests  of  technical  report  No.  25,  it  was  nongrounded 
for  one  interval  of  a  few  minutes  only.  A  few  observations  recorded  in 
technical  report  No.  25,  with  one  test  circuit  grounded  at  both  ends, 
show  apparently  considerable  electromagnetic  shielding  of  the  others. 
Enough  has  not  been  done  to  warrant  any  conclasions  regarding  this 
type  of  shielding. 

tAn  erroneoufl  aaaumptloo  tor  magnetic  lhau<3t(on.-    Boe  T.  It  No.  H. 
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It  was  necessary  to  compute  the  telephone  line  impedances,  as  noise 
on  the  lines  prevented  measurement.  The  line  is  a  quarter  wave-len^h 
for  a  frequency  near  the  fifteenth  harmonic,  so  due  to  the  large  varia- 
tions in  impedance  for  small  changes  in  frequency,  and  the  approxima- 
tions involved  in  assuming  line  constants  there  may  be  c^siderable  error 
in  the  results  for  the  fifteenth  and  neighboring  harmonics. 

In  computing  the  results  of  the  tests,  the  impedances  of  the  telephone 
circuits  have  been  assumed  the  same,  whether  the  circuits  were  shielded 
or  not.  This  assumption  will  introduce  some  error,  particularly  in  con- 
sidering the  effect  of  shielding  on  the  induction. 

No  study  has  been  made  of  the  transpositions  in  the  power  and  tele- 
phone circuits,  and  no  computations  made  regarding  the  relative  import- 
ance of  various  factors  in  the  induction. 

The  exposure  is  relatively  long  (41  miles)  and  the  total  capacity  and 
leakage  of  the  telephone  circuits  are  large.  Hence  electromagnetic  and 
electrostatic  effects  are  observed  with  the  far  end  of  the  circuit  either 
open  or  closed,  and  it  is  impossible  to  differentiate  between  them  in  the 
measurements. 

No  characteristic  effect  of  the  condition  of  the  neutral  on  the  line 
currents  in  the  power  system  is  evident,  as  may  be  seen  from  oscillo- 
grams of  line  current. 

The  following  table  gives  the  characteristics  of  residual  current  in  the 
33-kv.  line. 

RailduBl   Current.    Ampsru.     Nautral    Nanaroundad. 


April  25 2$  a05  OXm  OJ»S  OXKM  0.009  0.066  aoH  0.004  0.008 

jDDe  18 82  291  OX/Ti  0.150  0.024  0;M9  0.100        •  OJJUi  OJOU 

June  18  — -..  83  301  0089  OJ30  D.01«  •  0.010       *  0019  • 

Average  O.OTS  0.120  0JH5  Ojm  OJBt 

■  R— Jdual    Currant,  Ampar»».     N«utr»l  Grounded. 

AprtlS......  3S  2(H  0.019  0S7S        *  0j014  0J3i  0.012        •  • 

April  35 .25  S07  0JI66  0X6S  OSM  0017  OaiO  OSM       •  • 

June  18 32  290  OJKO  0.068       •  0020  0180       •  OOU  * 

Jtine  18 32  800  O.OGft  0.075  OOll  *  OlOO       •  OOIO  * 

Averaee  Oflai  O075  0U9 


The  effects  applying  to  this  exposure,  of  grounding  the  neutral  of  the 
Salinas  autotransformers,  may  be  summarized  as  follows : 

None  of  the  harmwica  of  the  line  voltages  to  ground  of  the  power 
system  are  measurably  affected. 
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No  coDsisteut  effect  on  the  harmonics  of  the  line  currents  of  the 
power  system  was  observed. 

The  residual  voltage  of  the  power  system  is  very  probably  reduced 
in  magnitude,  though  the  amount  is  uncertain.  (See  diseus- 
non  of  teehnical  report  No,  13.) 

In  the  residual  current  of  the  power  line,  all  harmonics  are 
rednced  in  value,  except  the  ninth,  which  shows  a  large  increase. 
(As  elsewhere  noted,  the  neutral  current  at  Salinas  has  the  ninth 
harmonic  predominant,  with  prominent  fundamental  and  third 
harmonics.) 

The  magnitude  of  the  noise  in  the  telephone  oircuits  is  not 
measurably  affected,  but  a  liae  in  the  pitch  of  the  noise  was 
observed.  Measurements  of  transverse  induced  voltage  with  the 
resonant  shunt  do  not  show  any  effect,  especially  on  the  prominent 
harmonics. 

The  longitndinal  indoced  voltage  Is  slightly  increased  in  effective 
value.  With  the  far  end  of  the  circuit  grounded,  all  harmomes  are 
reduced,  except  the  ninth,  which  increases.  Thus  the  longitudinal 
induced  voltage  follows  the  changes  noted  in  the  residual  current. 
With  the  far  end  of  the  circuit  open,  the  fundamental  and  the 
harmonics  above  the  ninth  sometimes  increase.  The  ninth  and  lower 
harmonies  behave,  as  with  the  far  end  grounded,  like  the  residual 
eorrent. 

In  conclusion,  the  effect  of  the  Salinas  neutral  connection  on 
induction  in  thb  exposure  is  slight.  Grounding  it  reduces  the  lower 
harmonics  and  increases  the  ninth  in  magnitude. 

Shielding,  by  groanding  at  one  end,  cirenits  not  under  test  on  the  tele- 
phone lead,  reduces  the  transv^se  indnction,  as  shown  by  noise  measnre- 
ments.  It  reduces  the  Imigitadinal  indnced  voltage  about  25%  with  the 
far  end  of  the  test  circuit  grounded,  and  about  40%  with  ibe  far  end 
open. 

The  magnitude  of  the  longitudinal  induced  voltage  is  approximately 
the  same  with  the  far  end  of  the  tesrt  oircuit  eithu-  open  or  grounded. 
The  noise  measured  through  terminal  apparatus  (see  P.  I.  C.  No.  42, 
T.  R.  No.  8}  is  about  one-half  that  observed  when  a  receiver  only  is.  con- 
nected across  the  circuit. 

The  residual  voltage,  with  neutral  grounded,  is  about  2%  of  the  bal- 
anced line  voltage  to  ground.  The  residual  current  is  ronghly  2%  of 
the  liue  enrrent.  In  both  residual  voltage  and  current,  the  fnndamental 
and  the  third  and  ninth  harmonics  are  prominent. 

In  the  line  voltages  to  ground  and  in  the  currents,  beside  the  funda- 
mental, the  fifth,  seventh  and  eleventh  are  the  prominent  harmonics. 

The  longitudinal  induction  arises  principally  from  the  residual  volt- 
age and  current  of  the  power  system,  while  the  transverse  induction 
gjiows  principally  the  characteristics  of  the  balanced  voltages  and  cur- 
rents  together  with  some  effect  from  the  residual  voltage  and  current. 
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(6)  Induotion  in  Block  Si^wUUng  CircuiU  of  3ov.tkem  Pacific 
Company  (T.  R.  No.  7). 

Thfl  purpose  of  these  tests  was  to  detennine  the  amouiit  and  character 
of  the  current  induced  in  the  block  signalling  circuits  between  Salinas 
and  Soledad  under  normal  operating  conditions  of  the  power  system. 

Tests  were  made  with  the  aignaUing  circuits  connected  as  in  normal 
operation,  except  that  the  battery  leads  were  disconnected  from  the 
batteries  and  connected  together.  Tests  were  made  with  the  far  end  of 
the  eironit  open,  with  it  closed,  with  one  side  grounded,  and  of  the 
induction  from  wires  to  ground. 

In  each  case,  except  the  track  circuit  test,  there  were  several  circuits 
in  parallel  with  the  meter.  It  is,  therefore,  not  certain  that  the  measure- 
ments are  true  indications  of  the  total  inductive  effects.  However,  the 
oonaections  were  those  of  actual  operation. 

The  track  circuit  test  is  of  little  value  on  account  of  direct  current 
leakage  from  adjacent  circuits,  except  to  indicate  that  the  induced  cur- 
rent is  but  a  few  milliamperes. 

The  electrostatic  induction  as  much  greater  than  the  eleotromagnetic. 
As  electromagnetic  induction  causes,  in  general,  a  much  greater  disturb- 
ance than  electrostatic,  in  this  type  of  circuit,  future  tests  can  more 
profitably  be  made  where  the  electromagnetic  induction  is  large. 

The  transverse  induced  currents  ia  the  signalling  circuits  are  very 
am&U  (1.5  miUiampercB  or  less)  with  only  the  fuodamental  prominent, 
and  are  larger  with  the  far  end  of  the  circuit  open  tJsao  with  it  closed. 
Grounding  one  side  of  the  circuit  about  doubled  the  induced  current. 
The  longitudinal  induced  current  may  be  several  times  greater  than  the 
transverse. 

Under  normal  operating  conditions  of  the  power  line,  the  inductive 
disturbance  in  the  signalling  circuits  should  cause  no  interference. 

7.  UiiceUaneons. 

.  (a)  Neutral  Current  at  Salinas  (T.  R.  No.  10). 
On  March  7  and  15  testa  were  ipade  to  determine  the  relative 
magnitudes  of  harmonics  present  in  the  jieutral  current  wave.  The 
analyses  of  the  neutral  current  wave  forma  ipdicate  the  presence  of  a 
large  ninth  harmonic  associated  with  the  fundamental,  third,  and 
seventh  hamtonics,  whose  magiaitudes.  are  less  than  that  of  the  ninth. 
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decreasing  in  the  order  named.    The  results  ob  obtained  by  analyses  of 
the  two  oscillt^rams  are : 


OMllloOrama  «f  NsUtral  Currant. 


Tha  total  nentral  corrent  at  the  time  OBciUogram  No.  166  waa  taken 
-waa  03i  amperes  and  for  oscillogram  No.  172  0.43  amperes. 

The  ratios  of  the  magnitudes  of  other  harmonics  to  that  of  the  ninth 
agree  very  closely  for  corresponding  harmonics  in  the  two  cases  with  the 
exception  of  the  fundamental.  The  magnitude  of  the  ninth  harmonic 
compared  to  the  third  is  somewhat  surprising  and  the  explanation  is  not 
at  all  obvioos.  The  length  of  the  power  circuit  between  Gaudalnpe  and 
Salinas  is  approximately  a  quarter  wave  length  for  the  ninth  harmonic. 
This  fact  may  explain  its  large  magnitude  doe  to  the  condition  of 
natural  resonance  for  the  ninth  harmonic* 

In  connection  with  other  tests  made  at  Salinas,  a  large  number  of 
oscillograms  of  the  neutral  current  have  been  taken  and  several  resonant 
analyses  made.  The  results  from  the  various  osciUograms  and  resonant 
analyses  are  given  in  tables  below.  All  values  are  expressed  in  milliam- 
peres. 

•S«e  T.  K.  No.  61, 
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(b)  Comparative  Noise  Tests  on  Telephone  Circuits  North  of  Salinas. 
S.  &  S.  F.  P.  Co.'s  55-kv.  Line  Dead  and  Energized.  (T.  R.  No.  14.) 
The  purpose  was  to  detennine  the  effect  of  the  operation  of  the 
55-kv.  lioe  OD  the  noise  in  the  telephooe  circuits  north  of  Salinas  when 
the  circuit  under  test  was  connected  through  to  its  regular  northern 
terminal  and  all  other  circuits  were  in  normal  operation.'  The  meas- 
urements were  made  on  T.  P.  T.  &  T.  Co.'s  San  Prancisco-Ijos  Angeles 
toll  lead.  Under  these  conditions  the  telephone  lines  are  involved  in 
a  number  of  parallels  at  different  points  in  addition  to  those  with  the 
Sierra  and  San  Francisco  Power  Company.  The  telephone  circuits 
were  opened  one  at  a  time  and  connected  to  the  testing  apparatus. 
During  one  series  of  measurements  the  55-kv,  line  was  dead.     A  second 
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series  of  measurements  was  taken  with  this  line  enei^ed  and  in  normal 
operation.  The  resnlts  of  both  eets  of  measurements  are  summarized 
graphieally  on  P.  I.  C.  No.  63,  attached  to  technical  report  No.  14. 
The  tests  show  in  general  a  large  increase  in  the  noise  of  the  circuit 
with  the  power  line  energized. 

In  connection  with  these  tests,  note  was  made  of  the  transient  dis- 
tnrboace  in  the  telephone  circuits  produced  hj  switching  operations 
on  the  55-kv.  line.  These  are  described  in  detail  in  the  report.  It  is 
sufficient  to  repeat  here  that  the  indications  were  that  telephone  sub- 
scribers using  these  circuits  at  such  times  would  be  subjected  to  a 
deafening  noise  from  the  receiver. 

(e)  ifoise  Teatt  on  AU  ToU  Circuita  BadAoivi^  from  SaUnas 
(T.  R.  No.  37). 
The  results  of  these  tests  indicate  that  phantom  circuits  are  more 
noisy  than  physical  circuits  when  subject  to  induction.  The  condition 
of  the  neutral,  grounded  or  nongroonded,  of  the  antotransformers  at 
Salinas  bad  practically  no  effect  on  the  magnitude  of  the  noise  induced 
in  the  telephone  circuits,  and  only  a  slight  effect  on  the  quality  of  the 
noise  in  a  few  circuits.  Reference  should  be  made  to  the  table  of 
results  in  Technical  Report  No.  37. 

(d)  Arc  Circuits  Induction  (T.  R.  No.  33). 
Tests  were  made  on  the  leads  used  for  connecting  the  testing  appa- 
ratus to  the  toll  circuits  of  exposure  No.  2.  These  test  leads  are 
paralleled  for  approximately  one  thousand  feet  by  two  series  arc  circuits. 
The  results  indicate  appreciable  longitudinal  induction  arising  from 
thia  short  exposure.  The  electromagnetic  induction  is  due  principally 
to  that  circuit  which  runs  as  a  single  wire  along  most  of  the  exposure, 
the  other  aide  of  the  circuit  being  remote.  The  transverse  induction 
from  this  exposure  is  entirely  negligible. 

Direct  and  immediate  comparison  of  measurements  of  the  induction 
from  exposure  No.  2  with  arc  circuits  on  and  off  showed  no  effect 
whatever  due  to  the  arc  circuits.  Jn  consequence  it  may  be  stated  that 
measurements  made  on  exposure  No.  2  are  not  in  error  due  to  the 
indoence  of  the  arc  circuits. 


(e)  Investigation  of  Current  Transfof 

(T.  R.  No.  11  and  T.  R.  No.  26). 

Tests  were  made  to  detentaine  the  ratio  of  trauflfermstion  of  tti« 

fundamental  and  harmonics  with  various  current  strength  and  amounts 

of  resistance  in  the  secondary.     These  tests  were  made  upon  the  bank 
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of  current  tranaforniers  for  the  33-kT.  circait  between  Salinas  and 
King  City. 

The  results  of  these  testa  show : 

The  ratio  of  transformation  of  all  harmonics  up  to  and  inclnding 
the  19th  harmonic,  and  for  current  up  to  full  load  rating  does  not 
depart  greatly  from  the  rated  ratio  providing  the  impedance  in 
the  secondary  does  not  exceed  10  ohms. 

With  resistances  and  currents  such  that  the  secondary  voltage 
is  between  50  and  150  volts,  the  ratio  of  transformation  of  the 
harmonics  may  deviate  as  much  as  30  per  cent  from  the  rating. 

Tests  were  made  on  this  same  bank  of  current  transformers  and  on 
those  of  the  55-kv.  line  to  determine  their  suitability  in  connection 
with  measurements  of  residual  onrrent.  The  results  of  the  tests  show 
that  these  banks  of  current  transformers  are  suitable  for  such  measure- 
ments, provided  certain  precautions  are  observed.  These  precautions 
are: 

Equal  external  impedances  in  all  three  secondary  circuits,  not 
to  exceed  10  ohms. 

Ijow  impedance  meter  for  measurement  of  residual  current. 

While  these  tests  are  not  assumed  to  constitute  a  complete  investiga- 
tion, they  are  considered  sufficient  to  indicate  that  the  current  trans- 
formers tested  are  satisfactory  for  the  purpose  of  this  study  of 
inductive  interference. 

(/)  Investigation  of  Potenti^U   Transformers*    Measurement   of 

Residual  Vottage.     (T.  R.  No.  13.) 
The  name  plate  data  of  the  three  potential  transformers  tested  are 
as  follows: 

G.  E.  Type  P.    Form  C.    200  Watts.    13,200—110/55  volts. 

In  service,  at  Salinas,  these  were  connected  to  the  22-kv.  line  because 
of  the  lack  of  potential  transformers  suitable  for  use  on  the  55-kv.  and 
33-kv.  lines.  The  primaries  were  connected  in  star  with  their  neutral 
grounded.  For  measuring  residual  Voltage  the  secondaries  were  delta 
connected,  one  corner  of  the  delta  being  closed  through  a  measuring 
instrument.  Under  these  conditions,  with  transformers  o£  exactly 
equal  ratios  of  transformation  and  with  no  distortion  due  to  magnetiza- 
tion, a  true  measure  of  the  residual  voltage  (vector  sum  of  the  line 
voltages  to  ground)  -will  be  obtained.  Inequalities  in  the  ratios  of 
transformation  and  distortion  of  wave  shape  due  to  magnetic  hysteresis 


*Retar  to  T.  R.  No.  Sg  for  more  complete  diacuaaloD. 
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will  introduce  errors.     It  was  the  purpose  of  the  iavestigation  to  deter- 
mine the  magnitude  of  such  errors. 

The  effect  of  inequalities  io  the  impedances  of  the  transformers,  in 
introducing  a  residual  voltage  on  the  line,  was  not  eonddered  in  the 
investigation.      This  effect  is  probably  small. 

The  results  show  that  the  ratios  of  transformatioo  differ  slightly, 
Ukd,  in  consequence  of  this  slight  inequality,  an  apparent  residual 
voltage,  equal  to  0.25  per  cent  of  the  value  of  the  corresponding  bal- 
anced leg  voltage  (fundamental  or  any  harmonic),  will  exist.  The 
phase  position  of  this  apparent  residual  voltage  wiU  affect  the  error 
introduced  in  the  measurement,  which  error  may  vary  from  zero  to  the 
fuU  value  of  the  apparent  residual  voltage.  On  this  basis  the  maximum 
error  arising  from  this  cause  is : 

80  volta  fundamental  for  the  55-kv.  line.  • 

50  volts  fundamental  for  the  33-kv.  line. 

These  values  are  closer  approximations  than  those  given  in  technical 
report  No.  13. 

Doe  to  the  third  harmonic  circulating  current  in  the  secondary  delta, 
an  error  of  approximately  60  volts  may  be  introduced  into  the  third 
harmonic  residual  voltage  of  the  55-kv.  line.  For  the  33-kv.  line  this 
would  be  equivalent  to  36  volts. 

The  investigation  throws  no  doubt  on  the  accuracy  of  the  measure- 
ments of  the  ninth  harmonic  in  the  residual  voltage. 

As  stated  above,  the  potential  transformers  were  connected  to  the 
22-kv.  line  for  measuring  the  residual  voltage  of  the  33-kv,  and  55-kv. 
hnes.  The  22-kv.  and  33-kv.  lines  are  supplied  from  the  55-kv.  line 
by  star  connected  autotransfonners.  It  was  desired  to  measure  the 
residual  voltage,  both  when  the  autotransformer  neutral  was  grounded 
aod  when  it  was  nongrounded,  so  as  to  determine  the  effect,  on  the 
residual  voltage,  of  grounding  the  nentrat.  When  the  neutral  of  the 
autotransformers  is  grounded,  the  residual  voltage  of  the  55-kv.  line  is 
transformed  to  the  33-kv.  and  22-kv.  lines,  and  viee  versa.  When  the 
aatotransformer  neutral  is  ^ot  grounded,  the  same  transformation 
ratios  for  residual  voltage  do  not  hold.  This  conclusion  was  reached 
during  the  compilation  of  technical  report  No.  13,  The  practice,  in 
reports  of  tests  at  Salinas,  had  been  to  use  the  same  ratio  in  reducing 
readings  to  terms  of  the  high-tension  lines  for  both  conditions  of  the 
neutral,  grounded  and  nongrounded.  Hence,  the  records  of  residual 
voltage,  with  the  neutral  of  the  autotransformers  nongrounded,  are  in 
error.  The  magnitude  of  this  error  has  not  been  determined  because 
the  impedance  of  the  autotransformer  windings  between  taps  and  the 
admittances  to  ground  of  the  high-tension  transmission  lines  are  not 
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known.  As  a  coosequence,  the  effect  of  i^otmdiDg  the  neutral  of  the 
autotranaformers  on  the  magnitude  of  the  residual  voltage  of  the  55-kv, 
and  33-kv.  lines,  can  not  be  definitely  stated. 

Below  are  given  the  results  of  the  analyses  of  all  oscillograms  of 
residual  voltage.  These  results  have  been  reduced  so  as  to  apply  to 
the  22-kv.  line,  thus  eliminating  considerations  of  autotransformer 
ratios.  These  tables  indicate,  on  the  whole,  markedly  less  third  har- 
monic and  somewhat  less  Dinth  harmonic  and  fundamental,  with 
grounded  neutral.  It  is  reasonable  to  suppose  that  grounding  the 
neutral  of  the  autotransformera  will  have  a  similar  effect  on  the  residual 
voltage  of  the  other  lines. 
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((?)  Effect  of  Low  In$\dation  (T.  R.  No.  34). 

The  object  of  the  tests  described  in  this  report  was  to  determine  the 
effects  of  a  reduction  in  the  telephone  line  insulation  on  the  induction 
observed  in  the  circuit,  with  particular  regard  to  a  possible  increase  in 
the  transverse  induction  accompanying  low  insulation. 

From  an  induction  standpoint,  the  insulation  of  a  telephone  circuit 
becomes  of  particular  importance  in  ao  far  as  it  contributes  to  the 
admittance  unbalance  between  the  sides  of  a  circuit  and  ground.  Such 
an  unbalance,  in  connection  with  longitudinal  induction,  will  cause  a 
current  to  circulate  around  the  telephone  circuit.  This  current  will 
combine  vectorially  with  any  due  purely  to  transverse  induction.  The 
considerations  which  are  pertinent  to  this  test  are : 

The  effect  of  a  reduction  in  insulation  on  the  conductance 
unbalance  of  the  circuit. 

The  relative  magnitude  of  the  prominent  harmonies  of  the 
induction  under  the  two  conditions  of  insulation. 

The  relative  magnitude  of  the  transverse  induction  obaerved 
under  the  same  two  conditions,  particularly  of  those  harmonica 
prominent  in  the  longitudinal  induction. 

The  eondition'  of  the  power  system. 
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The  reenlts  of  this  teert;  applying  to  the  four  points  above  mentioned 
indicate  that : 

There  19  apparently  00  decided  change  in  the  conductance 
anbalance  produced  by  the  marked  reduction  (25  to  1)  in  the 
insulation  of  both  sides  of  the  circuit  to  ground. 

The  effective  value  of  the  longitudinal  electrostatic  induced 
voltage  is  less  vith  low  insulation.  The  third  harmonic  of  the 
longitudinal  electromagnetically  induced  voltage  is  slightly  less  in 
the  observations  made  under  the  conditions  of  low  insulation.  The 
ninth  harmonic  is  unchanged.  The  third  and  ninth  harmonics  are 
the  prominent  harmonics  in  the  longitudinal  induction. 

Noise  measurements  indicate  less  transverse  induction  with  low 
insulation  when  the  far  end  of  the  circuit  is  open,  and,  for  other 
conditions  of  the  circuit  at  the  far  end,  noise  measurementa  show 
no  change  in  the  transverse  induction  accompanying  a  change  in 
the  insulation.  With  the  far  end  of  the  circuit  open,  measure- 
ments show  a  somewhat  greater  third  harmonic  with  low  insula- 
tion. For  other  conditiona  of  the  circuit  at  the  far  end,  the  third 
harmonic  was  too  small  to  measure  under  both  conditions  of  insula- 
tion. For  all  conditions  of  the  circuit  at  the  far  end,  the  change  in 
insulation  is  unaccompanied  by  any  change  in  the  ninth  harmonic. 

There  was  no  material  difference  in  the  condition  of  the  power 
system  for  the  two  series  of  tests,  with  high  and  low  insulation. 

It  is  evident  from  the  results  of  this  test  that  a  25  to  1  reduction  in 
the  insulation  resistance  between  both  sides  of  the  circuit  and  ground 
had  practically  no  effect  upon  the  transverse  disturbance. 

Further  work  of  this  nature  can  profitably  be  done  in  other  exposures 
and  particularly  in  regard  to  the  effect  of  various  known  admittance 
unbalances  introduced  for  experimental  purposes. 

Attached  to  technical  report  No.  34  are  curves  showing  a  very  lar^e 
diurnal  variation  of  insulation  resistance  for  telephone  circuits  in  the 
neighborhood  of  Salinas.  These  curves  are  P.  I.  C.  No.  103A  and  P.  I.  C. 
No.  103B. 

(h)  FomtuUE  for  ike  Computation  of  Induction  Between  Power  and 
Signalling  Wires  (T.  K.  No.  12)." 
This  report  is  a  discussion  of  the  factors  and  a  tentative  compilation 
of  formulffi  necessary  in  computing  the  induction  produced  by  power 
lines  in  adjacent  telephone  circuits.  The  formulte  given  are  general,  and 
to  facilitate  computation  it  is  necessary  in  some  cases  to  modify  them. 

•See  T.  B.  No.  84. 
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The  factors  necessary  for  aneh  eompotatioD  are  listed  below: 

Power  8y*tam.  Signalling  8v»tem. 

TjT>*  of  system                               .  '  Number  of  circuits 

Number  of  condaetori  Type  of  circuits 

8iae  of  condactors  Metallic  or  grotinded 

Uaterial  of  condoctars  Number  of  conductors 

B^Kbt  of  condacton  Size  of  conductors 

CoaGeuration  of  coDductors  Materiel  of  condncton 


Height  of  oondoctors 

TTpe  of  tcanapoBitioii*  Confignratign  of  condQctora 

Lengtb  of  expoaure  Location  of  tnuupoaltioni 

Balanced  voltacea  Type  of  tiaDspoaitions 

Besidoal  voitagea  Lengtli  of  exposure 

Balanced  current  Loading  data 

Reeidnal  cnrreut  '  luaulation  conductance 

Wave  Bbape  of  voltages  and  CTirrents  Circuit  impedances 
Effective  value  of  eacb  harmonic 
Phaae  relation  of  voltage*  and  cnrrents 
Phase  relation  of  bamiDnics 

Oentrat. 
Relative  location  of  flignalliug  and  power  transpositions 
Separation  of  signalling  aod  power  pole  lines 
Depth  of  image 
Sbielding  effects  of  neighboring  objects 

The  last  named  factor  can  be  applied  as  a  eorrectioo  to  the  final  com- 
pnted  valnes  of  electrostatically  indnced  voltage.  This  factor  depends 
on  the  number  and  proximity  of  shielding  objects,  and  the  factor  must 
be  experimentally  determined  for  any  given  exposure. 

To  determine  the  current  which  will  flow  in  a  signalling  circuit  due  to 
an  induced  voltage,  it  is  necessary  to  know  the  impedance  of  the  circuit 
and  the  apparatus  connected  to  it.  Except  in  cases  where  it  is  possible 
to  measure  the  impedances,  it  becomes  necessary  to  compute  them  for 
the  various  frequencies  under  consideration.  In  most  exposures  induc- 
tion and  difference  of  earth  potential  prevent  measurements  of  the 
impedances. 

8.  Condensed  Btmunaiy  of  Ooncltuions. 

A  representative  value  of  the  neutral  current  at  Salinas  is  0^  ampere. 
It  is  composed  almost  entirely  of  the  ninth  barmonic,  together  with  the 
fundamental  and  third  harmonics,  decreasing  in  magnitude  in  the 
order  named. 

tinder  existing  conditions,  with  the  power  system  in  normal  operation, 
the  effects  of  grounding  the  neutral  of  the  Salinas  autotransformers 
appear  to  be  as  follows : 

1.  Signalling  circuits. 

(a)   For   exposure  No.   1    (including  No.   2} :    Grounding  the 
neutral  produces  no  noticeable  change  in  the  magnitude  of  the  , 


Boise  in  the  telephone  circuits,  &  slight  change  in  the  quality,  an 
increase  in  the  ninth  harmonic  of  the  transverse  induction,  and  an 
increase  in  the  effective  value  of  the  longitudinal  induction.  On 
the  whole,  grounding  the  neutral  has  a  slight  detrimental  effect 
on  the  signalling  circuits. 

(6)  For  exposure  No.  2:  Grounding  the  neutral  diminishes  the 
Induction  in  the  telephone  circuits  and  is,  therefore,  beneficial  from 
an  induction  standpoint. 

(c)  For  exposure  No.  3:  The  effect  of  the  neutral  ia  slight. 
Grounding  it  reduces  the  magnitude  of  the  lower  harmonies  in  the 
induction,  and  increases  the  magnitude  of  the  ninth  harmonic. 

(d)  For  exposure  No.  4:  Only  noise  measurements  were  made 
on  this  exposure,  and  grounding  the  neutral  decreases  the  noise 
slightly. 

2.  Power  system. 

(o)  For  the  55-kv.  line:  The  condition  of  the  neutral  has  no 
appreciable  effect  on  the  line  voltages  and  currents.  Grounding  the 
neutral  diminishes  the  effective  value  of  the  residual  current, 
increases  the  fundamental  and  decreases  the  third  and  ninth 
harmonics. 

Grounding  the  neutral  probably  decreases  the  effective  value  and 
harmonics  of  the  residual  voltage  a  slight  degree. 

(6}  For  the  King  City  line:  The  condition  of  the  neutral  has 
no  appreciable  effect  on  the  line  voltages  and  currents.  Grounding 
the  neutral  reduces  the  magnitude  of  all  the  harmonics  in  the 
residual  current  except  the  ninth  which  shows  a  large  increase. 
Grounding  the  neutral  probably  decreases  the  effective  value  and 
harmonics  of  the  residual  voltage. 

(c)  For  the  Monterey  line :  Grounding  the  neutral  decreases  the 
effective  value  and  harmonics  of  the  residual  voltage.  No  other 
measurements  were  made  on  this  line. 

The  fundamental,  fifth,  seventh,  and  eleventh  harmonics  are  promi- 
nent in  the  balanced  currents  and  voltages  while  the  fundamental,  third, 
and  ninth  harmonics  are  prominent  in  the  residual  currents  and  volt- 
ages of  the  power  system. 

By  a  comparison  of  the  prominent  harmonics  in  th^  curreiits  au^ 
Voltages  of  the  power  system  with  those  in  the  induction  in  the  telephone 
circuits  the  following  conclusions  are  drawn : 

The  longitudinal  induction  arises  principally  from  the  residual 
voltages  and  currents,  while  the  transverse  induction  shows  princi- 
pally the  characteristics  of  the  balanced  voltages  and  currents, 
together  with  some  effect  from  the  residual  voltages  and  currents. 

A  study  of  the  proper  relative  locations  of  power  and  telephone 
transpositions  for  exposure  No.  2  indicates  that  it  is  possible  to  modify 
the  present  system  so  as  to  materially  reduce  the  transverse  induction. 


■dovGoot^Ic 


TOCHNICA.I.  RBPOBT  NO.  SI.  203 

It  was  imprsctieable,  however,  to  install  this  proposed  system  for  testing 
parpoees  owing  to  the  fact  that  the  power  line  could  not  be  shat  down 
for  a  sufficient  length  of  time.  It  is  understood  that  the  efFectiTeness  of 
the  proper  relative  location  of  power  and  telephone  transpositions  will 
be  determined  at  other  points  on  more  flexible  power  systems.  With 
this  in  view  no  particular  study  has  as  yet  been  made  of  a  transposition 
^"stem  for  the  other  exposures  investigated  at  Salinas. 

The  importance  of  maintaining  a  well  balanced  condition  on  the 
power  system  is  emphasized  by  the  effects  resulting  from  the  relatively 
small  residual  currents  and  voltages  of  the  power  lines  involved  in  the 
exposures  investigated.  This  fact  is  further  emphasized  by  the  impos- 
sibility of  reducing  the  longitudinal  induction  arising  from  residual 
currents  or  voltages  by  any  system  of  transpositions  of  the  power  and 
telephone  circuits,  except  in  so  far  as  the  power  line  transpositions 
reduce  the  magnitude  of  the  residual  currents  and  voltages. 

Comparative  noise  tests  on  the  telephone  circuits  north  of  Salinas  with 
the  55-kv.  line  dead  and  enetgized  showed  in  general  a  large  increase  in 
the  noise  with  the  power  line  energized. 

Electrostatic  shielding  by  grounding  other  circuits  on  the  telephone 
lead  reduces  the  electrostatic  induction  in  some  degree,  particularly  the 
longitudinal  induction.  No  data  were  obtained  as  to  the  effect  of 
electromagnetic  shielding. 

Opening  the  secondary  delta  of  the  autotransformers  at  Salinas 
caiised  a  large  increase  in  the  residual  voltage  and  enrrent  with  a  conse- 
qnent  increase  in  the  induction.  In  all  cases  the  increase  applied  par- 
ticularly to  the  third  harmonic 

Tests  upon  the  block  signal  system  of  the  Southern  Pacific  Company 
between  Salinas  and  King  City  indicate  that  under  normal  operating 
conditions  of  the  power  system  the  induction  is  insufficient  to  cause 
interference  with  the  operation  of  the  signals. 

Investigation  of  the  effect  of  known  residual  currents  in  exposure 
No.  2  leads  to  the  conclusion  that  the  equivalent  depth  of  earth's  surface 
is  one  hundred  and  fifty  meters  below  the  actual  earth's  surface. 

9.  DttSnitioDB  of  Ternu  Used  in  Technical  Reports. 

Balanced — Whose  vector  sum  Id  tbe  phases  is  zero.   <  In  contradisHnctioD  to  residaal. ) 

Capadtw  Pnfioiince— Difference  between  cspadtles  to  groirna  of  two  sides  of  a  cir- 
cuit.   Sometimes  called  cHpacity  balance. 

Co»dmctanee  Unbalance — Difference  between  conductances  tO  ground  of  two  sides  of 
a  drcnit.     Sometimes  called  conductance  balance. 

OtMtortion  Circvit — Inductance  coil  ehunled  by  oscillograph  vibrator  and  condenser  in 
series:     Used  to  magnify  higher  harmonics  in  oscillograms. 

Erpotare—A  parallel  of  power  and  signalling  clrcnlts.  (Length  of  nnbalanced-) 
Tliat  length  of  eiposure  between  a  signalling  drcuit  and  a  power  line,  neither  of 
wbich  is  transpOBed.  which  will  produce  inductive  effects  of  the  same  magnitude 
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as  thoBe  produced  in  tbe  actual  ezposare  with  the  given  traiU[K)Cdticma  In  th« 
power  And  teleplione  circnita. 

Longitudinal — Applied  to  fodaction  In  HigDallinK  circuits,  from  the  dde  ot  a  circuit  to 
ground  or  along  the  aide  of  a  circuit.     (See  TTanaTerae.) 

Soi*«  Standard — Ad  liutrumeDt  for  me&auring  Doiee.  (See  P.  I.  C.  No.  32  for 
diagram.) 

Jioite  Tmit — MeaanremeDta  of  noise  in  signalling  circaita. 

VoMfl  Unit*,  Standard — Microamperes  at  240  cyclea. 

Open  Ctrcuif  Voltage  (abbreviated  Eoc.) — Voltage  measured  b7  meter  o(  infinite 
impedance. 

OiotRator — Vretiand  mercury  ace  dne  wave  generator. 

Retidmal  (voltage) — Vector  Bom  of  tbe  line  voltages  to  ground. 
(current) — Vector  sum  of  the  line  currents, 

Retonant  Analyait — Analysia  of  a  wave  shape  by  means  of  a  resonant  abant. 

Asionanf  Shunt — An  instrument  consisting  of  a  circuit,  in  series  with  a  triepfaone 
receiver,  coutajnhig  indoctauce  and  capacity  so  chosen  that  it  can  'be  made  to 
resonate  for  an;  particular  frequency  or  harmonic,  the  magnitude  of  which  it  is 
desired  to  measure.  The  amount  of  noise  in  tbe  receiver  produced  b;  tbe 
unknown  harmonic  is  equated  witb  tlie  noise  produced  bj  a  knowncnrrent  of 
the  same  freqaency. 

Shielded  (abbreviated  Sbld.) — Protected  to  some  extent  sgainst  induction.  (Electro- 
statically-) (abbreviated  Es.-Sh Id.)— Protected  to  some  extent  against  electro- 
static Induction.  (Electromagnetically-)  (abbreviated  Em.-8hld.) — Protected  to 
some  extent  against  electromagnetic  induction. 

Short  Circait  Current  (abbreviated  Isc.) — Current  measured  by  meter  haviuf  mic 
impedance. 

Terminal  Apparatus — Apparatus  connected  at  end  of  signalling  clrcnft.  partlcalarly 
used  in  some  of  the  noise  tests  on  telephone  circuits.  (See  P.  I.  G.  No.  42  for 
terminal  apparatus  used  at  Salinas.) 

TroiwcBrse— Between  aides  of  a  signalling  circuit.* 

Abbr«viationa   Uaad  in  Teohnfoal   Report*. 

est. — Signalling  circuit.  Non-Grd. — Nongrounded. 

Em.-Sbld. — Electromagnetical  ly-shielded.  Non-Shid . — Nonabielded . 

EIoc. — Open  circuit  voltage.  Osc. — Oecillogcam- 

E«.-Shld.— Electrostatically-shielded.  Ph.— Phase. 

Ord. — Grounded,  connected  to  ground.  P.  I.  C. — Designating  blue  prints. 

Isc.— Sbort  circuit  current.  Sbld. — Shielded. 

N.  N.  G.— Neutral  nongrounded.  T.  R. — Technical  report. 

N.  G. — Neutral  grounded.  Vib. — Oscillograph  vibrator. 

10.  P.  Z.  0.  Index. 

F.LC.   AtUdwIti) 

2  12  Fonnuls  for  Electrostatic  Induction. 

3  12  Formnin  for  Electrostatic  Induction — Figure  Illustrating  Notation 

Used. 

4  S  Method  of  Testing — Connections  of  Potential  Tninsformera. 

5  6  Method  of  Testing — Connections  of  Current  Transformers. 
T  12  Formuin  for  Electrostatic  Induction — Tranaverae  Induction. 
B           12  Formule  for  Electromagnetic  Induction. 

82  3  Noise  Standard — Circuit  for  Evaluating  Noise  in  Terms  of  Noise 

TTnita. 
S8  11  Circuit  DiaKTOjn — Tests  on  Current  Transformers. 

89  11  Diagram  of  Counectloni — Besonant  Sbont  Method  ot  Testing  Cnr- 

nut  Tranaformera. 
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CalibreUon  of  Current  Transformer  No.  9M47K  (G.  E.>. 

Diaxroio  of  Coaaectiona  for  Noise  Measurements. 

DeUil  of  BzpasQre  No.  2,  Teat  No.  2,  at  Salinas. 

(Non.— P.  L  C.  No.  44  la  auperaedad  by  F.  I.  C.  Ho.  El.) 

Details  of  Exposure  No.  1,  Test  No.  2,  at  Salinas. 

Tranatormation  Ratio  of  Current  Transformera  for  High  Harmonics. 

Neutral  Current — Circnit  Diagram  for  Osciliogranis. 

Diagram  of  CoDnectioiiB — Comparison  of  Current  Transformera  for 

Residaal  Current. 

Oircuita  Uaed  in  Tests  of  Indnction  intu  S.  F.  Signal  Ciicaits  at 

Salinas. 

Diagram  of  Pole  Lines  in  BiposuTe  No.  2. 

Transpositions  in  Power  and  Telephone  (^tcnita  Expoaure  No.  2, 

at  Salinas. 

Total   Hntnal   Inductance  Between   Tliiee   Power   Condnclon  in 

ParaUel  and  Telephone  Wires  Distant  17  Meters  and  7.44  MeMn 

Above  Ground  Ripoaure  No.  2. 

Results  of  Comparative  Noise  Tests  on  T.  P.  T.  ft  T.  Co.'s  Circuits 

North  from  Salinas — 55  kv.  Line  Dead  and  Energized. 

Electrostatic  Induced  Voltage  to  Qronnd. 

Oonnectioas  for  PotHitial  Transtomter  Tests. 

Electrical   Connectiona   of  Coast  Conntiee   Gas  and  Electric  Co.'a 

System. 

EtectroMagnetically  Induced  Voltage  to  Groimd  for  Gonfignratlon  by 

P.  I.  C.  No.  58. 

Constants  for  Induction  Dne  to  Residual  Voltages  and  CDrreuts. 

Phase  of  Induction  to  Ground. 

Connections  of  Power  Apparatus — Special  Testa  on  Ekpoeure  No,  2 

at  Salinas. 

Longitudinal  Induced  El.  M.  F.  for  Side  Circuit  "A"  Due  to  Line 

Currents  as  Given  in  Table  V. 

Transvene  Induced  E.  M.  F.  Between  Side  Circuits  "A"  and  "B" 

Dne  to  Line  Cnrrenta  as  Given  in  Table  V. 

Transformer  Connections  at  Salinas  and  Gusdalnpe. 

Insulation  Resistance  of  Circuit  No.  296. 

Valnes  of  "A"  in  K  =A +3B=E/1000'. 

Values  of  "B"  in  K  =A+jB=E/1000'. 

l^pical  Pole  Diagrams. 

Reepectfolly  submitted. 

(Signed)     J.  E.  Wowbhidge, 
Chairman  Subcommittee  on  Tests  No.  1  and  No.  2. 


Attachto:  p.  I.  C.  119. 
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Tecdinical  Report  No.  40. 

December  16.  1911. 
CAPACITY    AND    CONDUCTANCE    UNBALANCE   MEASUREMENTS. 

1.  Pnrpote. 

This  report  is  to  describe  the  method  in  use  for  the  measurement 
of  the  capacity  and  coudnctance  nnbaianceg  between  the  sidea  of  a 
cirenit  and  ground, 

2.  Dflseription  of  Ibthod. 

The  method  in  use  is  indicated  clearly  by  the  schematic  diagram  given 
on  P.  I.  C.  No.  134,  attached  to  this  report  In  principle,  the  method 
k  a  Wheatstone  bridge  arrangement.  A  telephone  receiver  is  used  as  a 
detector  and  a  Yreeland  Oscillator  as  a  source  of  electromotive  force.  A 
balance  is  obtained  by  adjusting  the  variable  air  condenser  and  the 
setting  on  the  slide  wire  resistance  nntil  no  aonnd  is  heard  in  the  tele- 
phone receiver.  "When  connected  to  a  circuit  subject  to  induction  a 
balance  is  difficult  to  obtain,  owing  to  the  extraneous  currents  in  the 
receiver.  ^Vhen  not  subject  to  errors  from  such  a  cause,  the  method 
is  quite  accurate.  It  gives  directly  and  simultaneously  the  difference  in 
the  capacities  and  conductances  between  the  two  sides  of  a  circuit  and 
ground.  The  method  gives'  no  indication  of  the  absolute  magnitude 
of   either   of   the   capacities   or   conductances    whose   differences   are 


Bespectfnlly  sabmitted. 

(Signed)-    J.  E.  Woodbbidob, 
Chairman  Subcommittee  .on  Test  No.  3. 


Atmcbd:  p.  I.  C.  134. 
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Technical  Report  No.  41. 

March   16,   19H. 
HARMONIC    ANALVSIS   OF    ALTERNATING   CURRENT   WAVES. 


I-  rNTRODUCTION. 
II.  OSCILLOGEAPH. 

(a)  Description  of  InBtrnment  and  Itx  Opetatiou. 
(b>   Ciicuit  AnaaseaeDt  for  Oscilit^rams. 

1.  Voltage — Power  Circuits, 

2.  Carreot— Power  Circuits. 

3.  Inductioii — CommniiicHtion  CiTCuite. 

4.  Calibration. 

(c>   Analyiia  ef  OscUlogranm. 

1.  Metbod. 

2.  MeaeuFementB  of  Ordinates. 

3.  Computation. 

4.  Seduction  to  U UIlampeKa. 
III.  EESONANT  SHUNT. 

(d)    De«eript)on  of  Inatrunent  and  Its  OperattoD. 

(b)  Circuit  Arrangement  for  Reaooant  Analyses. 

1.  Voltage  AnalfBiB. 

2.  Current  AnalyslB. 

3.  Uw  on  'ComiBunication  CircDitB. 

4.  Otbec  Uses. 

(c)  Calibration. 

(if)  General  CouBlderetioDB. 

1.  Setultivenem. 

2.  S«pa»tiott. 

3.  Permanence. 

IV.  COMPARISON  OP  OSCILLOGRAPH  AND  RESONANT  SHUNT. 
(a)   Single  Frequency  Test. 
<b)  Complei  Wave  Test, 
(o)   Adaptability  of  tfae  Metbods. 

1.  Introduction. 

The  purpose  of  this  report  ia  to  outline  and  illostrste  the  methods 
osed  in  determiniDg  the  values  of  the  various  harmonies  of  the  voltage 
aod  current  craves  in  power  and  communication  circuits  and  to  diseoss 
the  relative  accuracy  of  the  methods. 

The  first  method  involves  the  use  of  an  oscillograph  by  means  of 
which  a  photographic  record  of  the  wave  is  obtained.  This  wave  form 
is  analyzed  by  a  mathematical  process  into  its  component  harmonics. 
The  use  of  the  oscillograph  and  the  method  of  analyzing  the  wave  forms 
are  giveu  in  detail  in  section  II. 

The  second  method  involves  the  use  of  a  resonant  shunt,  consisting 
of  a  telephone  recefver,  an  inductance  coil,  and  a  variable  condenser  in 
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series.  By  means  of  the  variable  eondenaer  the  shunt  is  made  to  resonate 
for  an  harmonic  whose  ma^itude  is  to  be  measured.  By  this  method  the 
ma^itudes  of  the  harmonies  of  a  complex  ware  are  experimentally 
determined.  The  use  of  the  resonant  shunt  is  described  in  detail  in 
section  III. 

The  results  of  a  comparative  test  of  the  two  methods  are  given  in 
section  IV,  which  includes,  also,  a  discussion  of  the  accuracy  of  the 
two  methods  and  their  adaptability  for  different  purposes. 

H.  Oaclllograpli. 

(o)  Description  of  the  Iiistrument  and  Its  Operation. 

The  oscillograph  used  is  an  eIectr<Hnagnet  type  instrument  manufac- 
tured by  the  General  Electric  Company.  The  free  period  of  the 
vibrators  is  approximately  6,000  cycles  per  second.  In  use,  the  vibrator 
is  iimnersed  in  a  damping  fluid  whose  density  is  such  as  to  raalie  its 
motion  aperiodic.  The  sensitivity  of  the  vibrator  may  be  judged  from 
the  fact  that  a  current  of  approximately  1,7  milliamperes  produces  a 
deflection  of  1  millimeter. 

The  operation  of  the  oscillograph  is  as  follows :  the  reaction  between 
the  alternating  field,  set  up  by  the  current  in  the  vibrator,  and  the 
unidirectional  fleld  of  the  electromagnet,  causes  the  vibrator  to  oscillate 
in  response  to  the  fluctuations  of  current  in  the'  vibrator,  the  angular 
deflection  being  proportional  to  the  instantaneous  value  of  the  current. 
A  mirror,  of  negligible  mass,  is  mounted  on  the  vibrator  and  its  oscilla- 
tions cause  a  reflected  beam  of  light  to  vibrate  in  a  plane.  This  beam 
of  light  is  focused  on  a  rotating  photographic  fllm,  thus  recording  the 
alternating  current  wave. 

(b)  Circuit  Arrangements  for  OseiUogrdms. 

The  circuit  arrangements  which  are  uaed  in  determining  the  wave 
forms  of  the  voltages  and  currents  of  power  circuits  and  of  the  induced 
currents  in  neighboring  circuits  are  described  below.    Diagrams  of  these 
circuits  are  given  on  P.  I.  C.  No.  124,  attached. 
1 — Voltage — Power  Circuits. 

Figures  No.  1  and  No.  2  of  P.  I.  C.  No.  124  show  the  circuit  arrange- 
ments for  obtaining  the  wave  forms  of  voltages.  The  vibrator  is  supplied 
through  a  potential  transformer  and  the  amount  of  current  is  controlled 
either  by  an  adjustable  noninductive  resistance  (Fig.  1)  or  by  an  adjust- 
able condenser  (Fig.  2)  in  series  with  the  vibrator. 

In  most  instances  it  is  necessary  to  magnify  the  harmonics  of  the 
line  voltages  in  order  to  obtain  satisfactory  measurements.  The  series 
capacity  produces  magnification  approximately  in  proportion  to  the 
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freqneacy,  provided  that  the  impedance  of  the  remainder  of  the  circuit 
is  Btnall  in  eompariBon  to  the  iiDpedaaee  of  the  condenser.  When  capao* 
ity  is  used,  care  muat  be  taken  to  avoid  resonance  at  the  frequency  of 
any  harmonic  present  in  the  voltage  wave. 

-For  oscillograms  of  residual  voltage,  where  the  fundamental  is  gener- 
ally smal)  and  the  harmonics  prominent,  the  other  arrangement,  series 
resistance,  is  usually  employed.  This  arrangement  produces  no  distor- 
tioD  of  the  wave  form.  The  series  resistance  ahonld  be  as  large  as 
possible  consistent  with  obtaining  a  satiafactoiy  amplitude. 

The  computations  necessary  in  order  to  obtain  the  primary  voltages 
corresponding  to  the  different  harmonics  present  in  the  wave,  are  indi- 
cated below  each  diagram  (P.  I.  C.  No.  124),  For  this  purpose  the 
value  of  the  current  through  the  vibrator  for  each  harmonic  is  required. 
This  latter  is  obtained  from  the  analysis  of  the  oscillogram  as  described 
in  another  portion  of  this  report. 
2 — Current — Power  Circuits. 

Circuit  arrangements  for  obtaining  oscillograms  of  currents  are  shown 
by  figures  No.  3  and  No.  4  of  P.  I.  C.  No.  124.  The  supply  is  through 
a  eurrent  transformer. 

As  the  maximum  allowable  current  throi^h  the  vibrators  of  the 
OBcillograph  is  small  and  as  it  is  important  that  the  total  impedance 
in  the  secondary  of  the  current  transformers  be  as  small  as  possible,  the 
vibrator  circuits  are  in  most  instances  shunted  by  a  low  noninductive 
resistance  (Fig.  3)  or  low  impedance  air  core  inductance  coil  (Fig.  4). 
The  use  of  the  inductance  coil  in  combination  with  the  condenser, 
greatly  distorts  the  wave  form,  magnifying  the  harmonics  in  the  vibrator 
circuit;  due  to  the  fact  that  the  impedance  of  the  induotance  coil 
increases  and  that  of  the  condenser  decreases  with  an  increase  in  the 
frequency.  A  magnification  greater  than  the  square  of  the  frequency 
can  be  obtained  by  this  arrangement  which  is  used  particularly  to  obtain 
oscillograms  of  line  currents. 

For  oscillograms  of  residual  eurrent  the  harmonics  are  usually  suffi- 
ciently prominent  to  enable  an  accurate  determination  to  be  made  of 
ihem  without  distortion.  For  this  purpose  the  circuit  shown  by  Fig.  3 
is  used.  If  the  residual  current  is  sufBciently  small  it  may  be  passed 
directly  through  the  vibrator,  dispensing  with  the  shunt  resistance,  in 
which  case  the  series  resistance  should,  also,  be  eliminated. 

Expressions  for  the  value  of  the  primary  current  corresponding  to 
any  harmonic  through  the  vibrator  accompany  each  diagram, 
3 — Induction — Communication  Circuits. 

Oscillograms  of  the  induced  current  in  telephone  circuits  (or  circuits 
of  asty  other  type)  afc  obtained  by  passing  the  current  directly  through 
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the  vibrator  or  through  the  vibrator  shunted  by  a  noninductive  resist- 
ance if  the  current  is  large,  Fig.  5.  Distortion  is  unnecessary  as  the  har- 
monics are  usually  prominent.  Expressions  for  the  open-cirenit  volt^^ 
and  short  circuit  current  corresponding  to  any  particular  harmonic  are 
given  with  Fig.  5.  A  knowledge  of  the  impedance  of  the  telephone 
circuit  is  required  in  addition  to  the  constants  of  the  vibrator  circuit. 

Oscillograms  have  been  obtained  only  of  lon^tudinal  induction  as  the 
oscillograph  is  not  sensitive  enough  to  record  the  magnitudes  of  trans- 
verse induction  encountered  thus  far. 
4 — Calibration. 

In  order  to  use  the  oscillograph  as  ap  ammeter,  t.  e.,  express  the 
results  of  the  analysis  of  the  wave  form  in  electrical  units,  it  is  necessary 
to  calibrate  the  vibrators  at  frequent  intervals.  This  is  accomplished  by 
passing  a  known  amount  of  direct  current  through  the  vibrators  and 
taking  an  oscillogram  showing  both  the  direct  and  reversed  as  well  as  the 
zero  deflections.  From  such  an  oscillogram  the  amount  of  current 
necessary  to  produce  unit  deflection  is  determined. 

The  damping  of  the  vibrators  varies  somewhat  with  the  frequency, 
even  with  the  best  proportioned  damping  liquid,  and  as  a  result  the 
current  per  unit  deHection  also  varies  and  differs  from  the  v^ue  obtained 
with  direct  current.  To  correct  for  this  a  series  of  oscillograms  of  known 
amounts  of  single  frequency  alternating  currents  should  be  taken  over 
the  working  range  of  frequencies.  For  this  purpose  use  is  made  of  the 
Vreeland  Oscillator  as  a  source  of  supply.  The  results  of  such  a  series 
of  oeoillograms  are  shown  in  a  table  given  in. section  lY  (a).  It  is  not 
necessary  to  repeat  such  a  series  of  oscillograms  unless  the  condition  of 
the  vibrators  or  damping  fluid  is  changed. 

(c)  Anatysis  of  Oscillograms. 
1— Method. 

There  are  many  known  methods*  of  analyzing  periodic  waves  into 
their  component  parts  when  the  graph  of  the  wave  has  been  obtained. 
Some  of  the  methods  are  graphical  while  others  are  analytical  in  their 
nature.  We  have  adopted,  with  some  modiflcation  of  the  mechanical 
details,  the  analytical  method  published  by  Prof.  Alan  B.  Plowers-t 
This  and  all  other  methods  are  based  on  the  fact  that  any  complex 

■Thompson.  Dynamo  Mectrlc  Machinery:  Btelnmets.  Enslneerlns  Uathematlcg; 
Fleming,  Propagation  of  Electric  Currents  In  Telephone  and  Telegraph  CondnetoTB. 
These  may  be  consulted  for  the  fundamental  principles  upon  which  the  varlona 
methods  oi  analysis  are  based. 

tE^gineerlng  Quarterlj',  University  of  Missouri :  May,  IflDT. 
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w»ve  of  periodic  structure  may  be  represented  by  a  Fourier  series  of  the 

Y  =  -1-  B„  4-  Bt  cos  X  H-  Bj  eoa  2x  +  B,  cos  3x  +  ...  +  B„  eos  nx  + 
A,  sin  X  -f"  -^i  ^i"^  2x  -|-  A,  sin  3x  +  ...  +  A„  sin  nx 

The  eoefficients  A,  ...  A^  and  B,  ...  Bu  in  the  above  equation  are  suffi- 
cient to  determine  the  effective  value  and  the  phase  of  any  component 
of  the  complex  wave.  For  alternating  current  waves  which  contain 
only  odd  harmonics,  all  coefficients  with  even  subscripts  become  zero 
and  the  constant  term  Bg  disappears  if  there  is  no  Tmidirectional  com- 
ponent present  in  the  wave.  The  remaining  coefficients  may  then  be 
computed  if  one  knows  the  valnes  of  n  equi-spaced  ordinates  for  a  half 
wave  length  of  the  complex  wave. 
2 — Meatrurement  of  Ordinates. 

The  oscillc^am,  or  phott^raphic  record  of  the  complex  wave,  pro- 
vides a  graph  of  the  wave  from  which  the  values  of  n  equi-spaced  ordi- 
nates can  be  obtained.  For  this  purpose,  the  original  film,  contact 
print,  or  an  enlargement  is  used,  the  choice  being  determined  by  the 
judgment  of  the  computer.  He  also  determines  by  inspection  the  char- 
acter  of  the  harmonics  in  the  wave  and  accordingly  uses  the  form  c^ 
analysis  best  suited.  If  there  are  even  harmonics  in  the  wave,  they  are 
Bobtracted  out  and,  if  desired,  analyzed  for  separately.  It  has  been 
found  convenient  to  measure  either  18  or  36  ordinates*  and  thus  resolve 
the  complex  wave  into  IT  or  35  component  waves.  If  there  are  no  har- 
monics of  order  higher  than  the  17th,  the  eighteen  ordinate  method 
shoold  be  osed.  If  there  are  harmonics  higher  than  the  17th  and  none 
higher  than  the  35tb,  the  thirty-six  ordinate  method  should  be  used. 
Whenever  possible,  the  eighteen  ordinate  method  is  used  because  of  its 
advantages  of  greater  simplicity  and  less  labor  required.  The  labor 
estimated  for  the  two  methods  is  1.5  to  2.0  man-hours  for  each  wave  by 
the  eighteen  ordinate,  and  4  to  6  man-hours  for  each  wave  by  the  thirty- 
six  ordinate  method. 

The  wave  micrometer,  illustrated  below,  is  a  convenient  measuring 
engine  for  determining  the  values  of  the  ordinates  and  for  dividing  the 
half  wave  length  into  as  many  equal  parts  as  may  be  desired.  The  scale 
D,  for  measuring  the  ordinates,  can  be  moved  in  a  direction  at  right 
angles  to  its  length  by  the  screw  E,  the  amount  of  the  transverse  motion 
being  indicated  by  the  scale  A,  whose  index  is  c.  The  unit  of  scales  A 
and  D  is  }^o  io'^^  ^^^  the  micrometer  head  B  divides  the  unit  of  scale  A 
directly  into  tenths,  and  hundredths  may  easily  be  estimated.  This 
allows  one  to  measure  the  abscissse  in  units  of  Ytooo  itieh. 
'F^rniB  for  C  and  12  ordlnateB  were  developed  later.     See  T,  R.  Ho.  88. 
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The  oscillogram  is  clamped  on  the  base  of  the  instrument  so  that  the 
axis  of  the  wave  is  perpendicular  to  scale  D  at  its  zero  point.  The 
oscillogram  is  now  properly  oriented  so  that  abscissce  may  be  measured 
on  scale  A  and  the  ordinates  of  the  curve,  corresponding  to  any  abacissee, 
on  scale  D. 
3 — Compu  tation. 

The  numerical  operations  involved  in  analyzing  a  wave,  after  the 
ordinates  Tj  ...  Tn  are  measured,  are  arranged  on  forms  similar  to 


Wave  mtorometer. 

Analysis  Sheets  No.  1  and  No.  2,  presented  in  T.  R.  No.  63.     The 
various  steps  in  an  eighteen  ordinate  analysis  are  as  follows: 

a — Tabulate  the  measured  ordinates  in  the  columns  headed  "Origi- 
nal Data,"  Sheet  No.  1. 

b— Compute  S„  =  T„  +  Y,,-,,  where  S»  =  ¥» :  d„  =  T„— T,g_„, 
where  do  ^  Yo. 

If  the  values  of  Tn  are  so  large  as  to  be  cumbersome  in  the 
later  computations,  a  large  part  of  the  fundamental  component 
may  be  temporarily  removed.  A  column  headed  ....  sin  x  is 
provided  for  setting  down  the  0",  10°,  20"  ....  90°  ordinates  of 
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this  component,  aad  they  are  subtracted  from  the  respective 
T.'s  before  forming  So  and  do- 

c— Compute  S'„  S'„  S'j,  S"i,  and  d'„  d'„  d'„  d'\  as  indicated. 

d — Multiply  the  S  terms  indicated  in  various  rows  and  columns  on 
the  upper  half  of  Sheet  No.  2  by  the  sine  of  the  angle  given  at 
the  left  of  the  particular  row  in  which  they  appear  and  tabu- 
late each  product  in  the  row  and  column  of  the  corresponding 
S  term.  In  a  similar  manner  perform  the  indicated  operations 
with  the  d  terms  and  record  the  results  in  their  respective 
places  on  the  lower  half  of  Sheet  No.  2. 

e — Compute  I,  the  algebraic  sums  of  the  first  columns  (headed  1, 
3,  5,  7,  and  9) ;  and  II,  the  algebraic  earn  of  the  second  columns 
{headed  17,  15,  13,  and  11). 

f— Compute  {1+ 11)  and  (I  — II). 

g-Compute  %  (I +  11)  and  %(!  — II). 

If  a  part  of  the  fundamental  component  was  temporarily 
removed,  the  maximum  ordinate  of  this  fundamental  component 
most  be  added  to  A,  at  this  point. 

The  results  of  the  last  computation  give  the  coefficients  of  the  Fourier 
aeries  A,  ....  A^,,  B,  ....  B,j.  These  eoefSeients  are  cheeked  and  the 
analysis  completed  as  indicated  below. 

h— Transfer  the  terms  A  and  B  to  the  columns  headed  A^  and  Bn 
respectively  on  the  lower  half  of  Sheet  No.  1.  Carry  these 
across  to  the  columns  indicated  and  add  up  these  colunm^s  to 
give  A,  B,  F.  H,  J,  and  K.     Compute  To,  T„  Y„  Y„  Y„,  T„, 

and  T,g  from  the  equations  given  at  the  bottom  of  the  sheet  and 
tabulate  in  column  "Ord.  Comp.".  By  comparing  these  com- 
poted  ordinates  with  the  ordinates  from  the  original  data,  an 
indication  of  the  accuracy  of  the  analysis  is  obtained,  and  if 
these  seven  ordinates  check,  all  the  computed  coefficients  are 
correct. 

i— Compute  Cb  =  y/A.\  -fB'„ 

The  result  of  this  computation  is  the  masimum  value  of  the  nth  har- 
monic component  of  the  complex  wave.  It  is  to  be  noted  that  values 
of  Cb  leas  than  ^o  inch  are  considered  unreliable  and  are,  therefore, 
discarded. 

It  is  sometimes  desirable  to  compute  F,  the  maximum  value  of  the 
equivalent  sine  wave;  G,  its  effective  value,  and  100  Cn/F,  the  value 
of  the  nth  harmonic  aa  a  pereentage  of  the  equivalent  sine  wave. 
4— Reduction  to'Milliamperes. 

The  values  of  Ca  expressed  in  units  of  the  wave  micrometer  are 
reduced  to  milliiamperee  by  means  of  the  calibration  curve.  From  the 
calibration  curve  is  computed  the  amount  of  current  ueeeasaty  to 
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produce  unit  deSectiou  of  the  vibrator.  Let  this  value  be  K  milliam- 
peres.  Then  the  efEective  value  of  the  current  through  the  vibrator 
corresponding  to  the  nth  harmonic  is — 

KC. 
'~  V2~ 
Having  thus  obtained  I,  the  farther  computations  are  as  indicated  on 
P.  I.  C.  No.  124.    These  have  been  noted  previously  in  connection  with 
the  discussion  of  the  circuit  arrangements  for  oscillograms. 

m.  BeBonant  Shont. 

(a)  Description  of  Instrument  and  Its  Operation. 

The  resonant  shunt  consists  of  a  low-impedance  telephone  receiver, 
an  inductance  coil  and  a  variable  condenser  in  series.  By  adjusting  the 
variable  condenser  until  a  maximum  of  sound  is  heard  in  the  receiver 
the  shunt  is  made  to  resonate  for  the  harmonic  whose  magnitude  it  is 
desired  to  measure.  When  the  shunt  is  thus  resonated,  the  sound  in  the 
receiver  will  be  lai^ely  of  the  resonating  frequency  since  the  circuit  will 
present  a  very  much  higher  impedance  for  currents  of  all  other 
frequencies. 

To  determine  the  magnitude  of  the  current  in  the  resonant  shunt  a 
throw-over  mercury  switch  is  provided  so  that  the  receiver  may  be 
alternately  connected  into  the  resonant  shunt  and  into  an  auxiliary 
comparison  circuit.  This  auxiliary  circuit  consists  of  a  potentiometer 
arrangement  and  an  alternating  current  generator  by  means  of  which 
different  amounts  of  current  of  various  frequencies  are  caused  to  Sow 
through  the  telephone  receiver.  For  an  alternating  current  generator, 
a  Vreeland  mercury-arc  sine-wave  oscillator  is  generally  used,  together 
with  an  adjustable  wave-filter.  The  wave-filter  is  used  to  purify  the 
wave  form  of  the  current  supplied  by  the  oscillator. 

With  the  oscillator  and  wave-filter  set  for  the  frequency  of  a  particular 
harmonic,  a  measure  of  the  m^nitude  of  this  harmonic  is  obtained  by 
adjusting  the  series  and  shunt  resietanees  of  the  comparison  circuit 
until  the  volume  of  sound  heard  in  the  receiver  is  the  same  whether 
connected  into  the  resonant  shunt  or  into  the  comparison  circuit.  When 
a  "balance"  is  thus  obtained,  the  current  through  the  resonant  shunt 
is  equal  to  the  current  through  the  receiver  as  a  part  of  the  comparison 
circuit.  This  current  is  readily  computed  as  indicated  below.  By 
carrying  through  this  process  for  all  frequencies  present  in  the  complex 
wave,  a  complete  analysis  is  obtained. 

The  coQueotions  of  the  resonant  shunt  and  auxiliary  comparison 
circuit  are  shown  by  P.  I.  C.  No.  178. 
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For  the  necessary  inductance,  coils  or  groups  of  coils,  giving  an 
iudaetanee  of  f  rozn  15  to  20  henrys,  are  generally  xised.  These  eoils 
should  have  a  large  inductance  and  low  effective  resistance.  Several 
tj-pes  of  retardation  coils  designed  tor  use  in  the  telephone  plant,  have 
been  tried  for  this  purpose.  The  American  Telephone  and  Telegraph 
Company  has  developed  a  special  coil  having  several  advantages  over 
existing  coils  designed  for  other  purposes.  All  coils  which  have  been 
used  are  of  the  toroidal  type. 

The  variable  capacity  consists  of  air  and  mica  condensers  in  parallel 
with  a  range  of  capacities  suitable  for  resonating  with  the  inductance 
of  the  eireuit  at  frequencies  ranging,  from  approximately  180  to  1800 
cycles  per  second.  The  Vreeland  Oscillator  will  not  operate  at  fre> 
qnencies  below  180. 

The  aeries  resistance  R,  in  the  comparison  circuit  is  adjustable  in 
steps  of  100  ohms  up  to  11000  ohms.  This  resistance  is  usually  made 
large  compared  to  the  resistance  of  the  receiver  and  shunt  resistance  B||. 
R»  is  the  peaiatance  between  contact  points  on  a  drop-wire  rheostat,  vari- 
able from  zero  to  110  ohms  in  steps  of  1  ohm.  The  resistance  in  the 
oacUlator  circuit  remains  constant.  When  a  balance  is  obtained,  the 
eurrent  in  the  receiver  and,  hence,  the  current  through  the  shunt  is — 

R. 

I,  =  To ( Approx. ) 

R.  +  R, 

This  approximate  formula  is  the  one  commonly  used  and  is  suflBciently 
accurate  vrhen  the  resistance  R,  in  series  with  the  receiver  is  so  large 
that  the  inductance  of  the  receiver  may  be  neglected  and  the  resistance 
Hk  ia  small  compared  to  R,.  R,  is  the  effective  resistance  of  the  receiver 
which  is  approximately  200  ohms.  lo  is  the  total  eurrent  supplied, 
which  is  generally  5  or  10  milliamperes. 

The  drop-wire  rheostat  is  supplied  from  the  secondary  of  a  repeating 
coil,  the  mid-point  of  whose  primary  winding  is  grounded.  By  thus 
isolating  this  portion  of  the  circuit  from  direct  connection  to  the  oscil- 
lator, unbalanced  circuit  conditions  introduced  by  the  regulating  rheostat 
and  wave-filter  do  not  give  rise  to  any  appreciable  residual  tone  in  the 
receiver  when  R^  is  zero.  Unless  such  precautions  are  observed,  serious 
errors  are  apt  to  be  introduced.  The  milliammeter,  indicating  the  total 
earrent  supplied,  is  connected  between  the  two  equal  secondary  windings 
of  the  repeating  coil,  thereby  avoiding  unbalance  in  the  secondary 
circuit 

The  wave-filter  consists  of  a  variable  condenser  and  an  inductance  coil 

in  series.    By  adjusting  the,  wave-filter  for  resonance  at  the  particular 

teeqa&u^  in  nse,  currents  of  other  frequencies  are  laigely  excluded. 

The  r^nlating  rheostat,  wave-filter,  repeating  coil  and  milliammeter 

are  enclosed  in  a  grounded  metallic  shield  to  obviate  electrostatic  indue- 
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tion  from  this  apparatus.  The  leads  to  the  oscillator  sai  the  leads  frmn 
the  secondary  of  the  repeating  coil  are  enclosed  in  cable  with  the  sheath 
grounded. 

(b)   Circuit  Arrangements  for  Resonant  An(Uyses. 

The  circuit  arrangements  used  in  connection  with  the  resonant  sbnnt 
in  making  resonant  analyses  are  shown  on  P.  I,  C,  No.  178  (Figs.  2  and 
3)  and  discussed  below. 
1 — Voltage  Analysis. 

Pig.  2  of  P.  I.  C.  No.  178  shows  the  scheme  of  connections  employed 
in  analyzing  voltage  waves.  The  supply  circuit,  generally  from  a  poten- 
tial transformer,  is  closed  through  a  capacity  and  a  resistance  connected 
in  series  and  the  resonant  shunt  is  connected  across  a  portion  of  this 
resistance.  The  magnitudes  of  the  currents  in  the  receiver  of  the  reso- 
nant shunt  are  determined  by  comparison  as  described  above.  From 
these  and  the  known  circuit  constants  the  magnitudes  of  the  component 
harmonic  voltages  are  computed.  This  computation  is  indicated  below 
the  diagram  of  connections.  If  a  reasonably  permanent  calibration  of 
the  resonant  shunt  can  be  obtained,  the  labor  involved  in  such  recurrent 
computations  may  be  greatly  reduced  by  standardizing  the  circuit  con- 
stants and  the  amonnt  of  current  supplied  by  the  oscillator.  Curves 
can  then  be  prepared  giving  directly  the  voltage  corresponding  to  any 
harmonic  for  each  setting  of  Rt,. 
2 — Current  Analysis. 

The  arrangement  of  circuits  for  use  in  current  analysis  is  shown  in 
Fig.  3  of  P.  I.  C.  No.  178.  A  known  small  resistance  R,  is  inserted  in 
the  circuit  whose  current  wave  it  is  desired  to  analyze.  The  drop  in 
potential  across  this  resistance  R,  energizes  the  resonant  shunt.  The 
current  in  the  resonant  shunt  at  each  frequency  is  determined  aa 
described  above.  The  corresponding  line  current  is  then  computed  from 
the  known  values  of  the  circuit  constants.  As  in  the  case  of  voltage 
analyses  a  permanent  calibration  of  the  shunt  saves  much  labor  as  curves 
may  be  prepared  which  give  the  results  direetiy  for  different  settings 
of  the  control  rheostat  Ht. 
3 — ^Use  on  Communication  Circuits. 

To  analyze  the  induction  in  telephone  circuits  the  resonant  shnnt  is 
connected  either  in  series  with  the  circuit  or  across  a  noninductive 
resistance  which  is  bridged  across  the  terminals  of  the  telephone  circuit. 

In  the  first  case  the  telephone  circuit  is  effectively  a  part  of  the  reso- 
nant shunt  inasmuch  as  the  two  are  in  series.  The  setting  of  the  variable 
condenser   for   resonance  at   any   particular   frequency  is,   therefore, 
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dependent,  in  some  degree,  upon  the  reactance  of  the  line.  A  line  having 
inductive  reactance  requires  leee  capacity  and  lines  of  capacity  reactance 
reqnire  more  capacity  for  resonance  than  in  the  second  case  descHbed 
below.  The  eSect  of  lines  haying  indnctive  reactanee  is  luoally 
anall  as  the  added  Inductance  is  in  most  cases  small  compared  to  that 
in  the  shunt.  The  effect  of  lines  of  capacity  reactance  ifl  particularly 
noticeable  at  low  frequencies.  If  the  equivalent  capacity  of  the  lines 
is  very  small  it  may  be  impossible  to  obtain  resonance  for  the  lower 
freqnencies.  With  the  resonant  shunt  connected  to  a  circuit  in  tiiia 
manner  and  adjusted  for  resonance  at  a  particular  frequency  the  react- 
ance of  the  line  is  neutralized  by  that  of  the  shunt  and  the  current 
Sows  through  an  impedance  equal  to  the  effective  resistance  of  the  shunt 
plus  the  equiv^ent  resistance  of  the  line  at  that  Ireqnency.  The  opea 
circuit  voltage  follows  very  simply. 

In  the  second  case  the  terminaU  of  the  circuit  are  bridged  by  a  resist- 
ance and  the  resonant  shunt  connected  across  the  whole  or  a  portion  of 
this  resistance.  If  the  resistance  across  which  the  resonant  shunt  is 
connected  is  small  compared  with  the  effective  resistance  of  the  shunt  so 
that  the  reactance  of  the  linebas  no  inSnence  upon  the  resonant  settings, 
the  analysis  is  exactly  similar  to  the  analysis  of  current  in  the  power 
eircnit.  The  open  circuit  voltage  is  the  product  of  the  observed  line 
current  into  the  impedance  of  the  line  plus  the  resistance  bridged  across 
the  terminals  of  the  circuit. 

If  the  redstanee  across  which  the  resonant  shunt  is  connected  is  not 
small  compared  to  the  effective  resistance  of  the  shunt,  the  determination 
of  the  open  circuit  voltage  is  less  simple.  It  is  generally  possible  to 
avoid  this  eoadition  and  use  the  tttiuut  either  directly  in  Series  with  the 
circuit  or  across  a  small  resistance  which  closes  the  circuit.  The  direct 
connection  is  generally  required  for  transveise  measurements  owing  to 
the  smallness  of  the  induction.  The  other  method  is  applicable  some- 
times for  longitudinal  measurements. 

The  short  circuit  current  is  obtained  in  all  cases  from  the  open  circuit 
voltage  and  the  Une  impedance. 
4r-Other  Uses. 

Two  uses  of  the  resonant  shunt  other  than  for  the  analysis  of  waves 
may  be  described  here.  By  such  uses  a  determination  may  be  made  of 
the  ratio  between  two  quantities,  the  absolute  magnitudes  of  both  being 
unknown.  Such  an  application  is  the  determination  of  the  ratio  of  trans- 
formation  of  harmonics  by  current  transformers.  A  second  applicatiim 
of  this  nature  is  the  determination  of  the  ratio  of  the  inducing  current  or 
voltage  in  a  power  circuit  to  that  induced  in  neighboring  circuits.  This 
method  is  useful  when  the  power  circuit  is  energized  from  a  special 
source  for  experimental  purposes.    In  both  instances  above  mentioned, 
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adjiistable  nonindnctive  resistances  are  inserted  in  series  with  each  of 
the  two  circuits  involved.  A  throw-over  mercury  switch  is  provided  for 
connecting  the  resonant  shunt  alternately  across  one  and  the  other 
resistance.  One  or  both  of  these  resistances  is  varied  until  the  sound  in 
the  receiver  of  the  resonant  shunt  is  the  same  for  both  petitions  of  the 
switch.  The  drop  of  potential,  corresponding  to  the  particular  harmonic 
for  which  the  shunt  is  in  resonance,  is  then  the  same'  across  the  two 
resistances.  This  affords  a  basis  for  computing  the  desired  ratio  of  the 
two  unknown  quantities. 

It  should  be  noted  that  the  accuracy  of  such  determinations  is  entirely 
independent  of  the  calibration  of  the  shunt,  which  does  not  enter  into  the 
eomputatiotis.  The  accuracy  is  controlled  by  the  ability  of  the  ear  to 
detect  small  differences  in  volumes  of  sound  of  the  same  frequency. 
With  eare  an  accuracy  of  6%  should  be  obtained  for  a  single  observation. 
It  is  neeessary  to  take  the  precaution  to  keep  the  resistances  inserted  in 
the  two  circuits  as  near  ground  potential  as  possible  in  order  to  avoid 
a  residual  tone  in  the  receiver  at  zero  settings  of  the  resistances. 

(c)   Calibration. 

Calibration  of  the  resonant  shunt  consists  in  the  determination  of  its 
effective  resistance  at  various  frequencies  and  current  densities.  This 
calibration  is  made  at  three  or  more  current  densities  for  each  odd 
multiple  of  the  fundamental  frequency  over  the  range  encountered,  so 
that  a  curve  may  be  obtained  for  each  frequency  showing  the  effective 
resistance  as  a  function  of  the  current  through  the  shunt.  A  modified 
form  of  impedance  bridge  is  used  for  this  calibration. 

The  shunts  in  use  have  an  effective  resistance  of  approximately  1000 
ohms  at  180  cycles  and  from  5500  to  14000  ohms  at  1500  eydes. 

(d)   General  Considerations. 
1 — Sensitiveness. 

The  sensitiveness  of  the  instrument  depends  upon  the  amount  of 
current  which  passes  through  the  receiver  for  a  given  potential  difference 
at  the  terminals  and,  hence,  upon  the  effective  resistance  of  the  shunt. 
It  is,  therefore,  desirable  to  have  the  effective  resistimce  of  the  shunt  as 
low  aa  possible. 
2-^eparation. 

The  separation  of  the  shunt  is  its  effectiveness  in  excluding  currents 
of  frequencies  other  than  that  for  which  the  circuit  resonates.  It  is 
desirable,  of  cour.!ie,  that  this  exclusion  shall  be  as  great  as  possible. 
The  separation  factor  depends  upon  the  time  constant,  which  is  the  ratio 
of  the  inductance  of  the  circuit  to  its  effective  resistance.  A  high  time 
"lonstant  will  give  a  high  degree  of  separation.  ,  ~  i 
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The  separation  factor  for  adjacent  harmonics  is  defined  as  the  ratio 
of  the  nth  barmomc  earrent  to  the  (n  ±  2)'"  harmonic  current  where  n 
is  the  order  of  the  harmonic  for  which  the  shunt  is  resonated.  It  is 
obnous  that  this  depends  upon  the  relative  values  of  the  several  har- 
monic voltages  impressed  on  the  shunt.  If,  however,  the  limitation  of 
equal  impressed  voltage  is  assumed,  the  separation  factor  becomes  a 
definite  quantity,  being  the  ratio  of  the  impedance  for  the  (n  ±  2)*" 
harmonic  to  the  effective  resistance  for  the  nth  harmonic  at  which  the 
shunt  ia  adjusted  for  resonance ;  i.  e., 

Z,„.„ 


AipqiTning  that  B(d 


=  Bn  this  becomes. 
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(Approx.) 


Where  T„  is  the  time  constant  for  the  nth  harmonic  and  f  is  the 
frequency  of  the  fundamental. 

The  separation  factor  affords  a  basis  for  the  comparison  of  different 
resonant  shonta  at  various  frequencies.  The  following  separation  factors 
are  given  by  way  of  illustration. 

Computed  ValuM  of  Soparatlon  Factor. 


SbvmtNo.8 

Sbunt  No.  6 

n 

n-2 

11+2 

n-2 

n+2 

5 
» 
15 

39 
15 
73 

19 
12 
fl.4 

21 
13 

as 

14 
10 
7.5 

The  exact  and  approximate  solutions  are  in  very  close  agreement, 
within  1%  or  better.  These  results  show  that  shunt  No.  3  has  a  better 
separation  than  shunt  No.  6  at  low  frequencies,  the  reverse  being  true 
at  high  frequencies.  Experimental  determinations  cheek  these  computed 
values  very  closely. 

When  using  the  resonant  shunt  connected  directly  in  series  with  a 
telephone  circuit  a  high  time  constant  is  not  the  only  requirement 
for  good  separation.  It  is  likewise  necessary  that  the  inductance  be  large 
80  that  the  telephone  circuit,  which  becomes  effectively  a  part  of  the 
resonant  shunt,  may  not  g^reatly  reduce  the  time  constant  of  the  circuit 
as  a  whole  below  that  of  the  resonant  shunt,  and  thereby  impair  the 
separation. 
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3 — Permanence. 

Variations  in  the  effective  re^tance  of  the  resonant  shunta  have 
been  noted  from  time  to  time  and  frequent  recalibrations  have  been 
necessary.  These  changes  in  eflEeetive  resistance  are  ascribed  to  two 
causes:  (1)  low  and  variable  insulation  of  condensers,  (2)  changes  ia 
the  magnetization  of  the  cores  of  the  inductance  coils. 

Calculations  indicate  that  due  to  the  first  cause,  leaky  condensers,  the 
effective  resistance  of  shunt  No,  6,  for  example,  will  be  increased  by 
aproximately  1000  ohms  for  the  19th  harmonic  due  to  a  leakage  of 
0.1  microhm.  For  a  leakage  of  0.01  microhm  (insulation  reaiatanee 
100  megohms)  this  increase  in  effective  resistance  amounts  to  approxi- 
mately 100  ohms,  and  for  a  smaller  leakage  the  increase  in  effective 
resistance  is  negligible.  The  figures  given  are  wil^  reference  to  the 
effective  resistance  with  zero  leakage.  It  is  to  be  noted  that  the  effect 
of  a  given  leakage  increases  with  the  frequency.  Also,  assuming  a  given 
total  leakage,  or  a  given  value  of  g/c  for  the  condenser,  its  effect  is 
more  marked  for  shunts  having  coils  of  high  inductance.  In  practice, 
it  has  been  found  that  most  of  the  leakage  is  external  and  is,  therefore, 
independent  of  the  condenser  setting.  Leakage  su^cient  to  account  for 
the  greater  part  of  the  observed  variations  has  been  found  in  the 
condensers  in  use.  The  trouble  from  this  cause  may  be  avoided  by 
careful  drying  and  repeated  teats  of  the  condensers.  A  better  method, 
however,  is  to  use  condensers  of  proper  construction  which  will  be 
done   when   those   already   authorized   are   obtained. 

Variations  due  to  the  second  cause,  changes  in  the  magnetization  of 
the  cores  of  the  inductance  coils,  are  probably  much  smaller  in  magni- 
tude than  those  due  to  variations  in  the  leakage  of  the  condensers. 
Such  an  effect  is,  to  some  extent,  inherent  in  any  coil  constructed  with 
an  iron  core.  In  those  coils  designed  especially  for  the  resonant  shunts, 
an  endeavor  was  made  to  eliminate,  as  far  as  possible,  this  cause  for 
variations  in  the  effective  resistance  of  the  resonant  shunts. 

With  the  elimination  of  leakage  in  the  condensers,  it  is  expected 
that  permanent  calibrations  will  be  obtained. 

A  possible  cause  of  apparent  variations  in  effective  resistance  is  the 
use  of  an  unshielded  impedance  bridge  in  calibrating  the  instrument. 

IV.  GompariBon  of  Oscillograph  ajid  Resonant  Shunt. 

(a)  Single  Freqiieiicy  Test. 

For  a  test  of  the  accuracy  of  two  resonant  shunts  and  the  osoillo- 
graph,  the  circuit  was  arranged  as  shown  on  P.  I.  C.  No.  157, 

To  test  the  resonant  shunts,  settings  of  Km  were  made  at  various 
frequencies  from  180  up  to  1380  cycles  and  for  various  amounts  of 
current  in  the   receiver,  obtained  by  varying  R.     Several  observers 
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were  used  in  each  case,  ^e  currents  as  computed  from  the  resonant 
shont  measurements  were  found  to  be  uniformly  low,  the  error  averag- 
ing about  10%.  To  determine  the  cause  of  this  unidirectional  error 
a  farther  Luveatigation  was  made.  This  investigation  located  the  causes 
of  the  error  and  showed  that  by  observing  proper  precautions  an 
accuracy  of  5%  could  be  obtained.  The  four  sources  of  error  are  as 
follows: 

1 — luexact  resonance  for  the  harmonic  which  is  being  measured. 
Hence,  the  impedance  of  the  circuit  is  higher  than  the  value 
of  effective  resistance  given  by  the  calibration  curves.  This 
causes  the  computed  current  to  be  lower  than  the  true  value. 

2 — Variations  in  the  insulation  resistance  of  the  condensers,  caus- 
ing the  effective  resistance  of  the  resonant  sbuat  to  vary..  As 
the  calibration  was  made  with  high  insulation  (elective  resist- 
ance minimum),  the  error  introduced  by  this  cause  will  make 
the  computed  current  less  than  its  true  value. 

3 — Unbalanced  admittance  to  ground,  with  respect  to  the  receiver, 
of  portions  of  the  resonant  shunt,  causing  a  current  'to  flow 
through  the  receiver  even  though  there  is  no  difterenoe  of 
potential  between  the  two  terminals  of  th?  shunt.  This  current 
is  superimposed  on  the  circulating  current  due  to  the  difference 
of  potential  between  the  terminals  of  the  shunt,  introducing  an 
error  in  the  measured  current,  dependent  on  how  the  resonant 
shunt  is  connected  into  the  circuit. 

4 — Inability  of  the  human  ear  to  detect  small  differences  in  sound. 
This  error  may  be  in  either  dlrectioo,  depending  in  amount 
upon  the  observer. 

To  obtain  results  to  an  accuracy  of  5%,  which  is  about  the  accuracy 
of  the  ear  in  detecting  differences  in  sound,  the  following  precautions 
should  be  taken : 

1 — The  resonant  shunt  should  be  very  carefully  resonated,  so  that 
its  impedance  will  be  equal  to  its  effective  resistance. 

2 — Care  should  be  taken  to  see  that  in  all  cases  the  insulation  of 
the  condensers  is  maintained  at  a  high  value. 

3 — The  terminals  of  the  shunt  should  be  as  near  ground  potential 
as  possible,  to  avoid  the  current  flow  to  ground,  mentioned 
above.  When  this  current  is  appreciable  in  comparison  with 
the  circulating  current  in  the  shunt  two  measurements  should 
be  taken,  reversing  the  terminals  of  the  shunt  with  respect 
to  the  external  circuit. 

Sin^e  frequency  tests  on  the  oscillograph  have  been  made  to  deter-     ■ 
mine  the  variation,  with  frequency,  of  the  current  per  unit  deflection 
of  the  vibrators, 
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Iq  the  following  table  is  given  a  sample  of  such  data: 


PmUMOCT 

K. 

451  to  456 

0 

0.83 

1.00 

4S2 

130 

O.SS 

1.04 

453 

300 

0.88 

1.06 

4M 

540 

0.95 

1.16 

455 

900 

1.00 

IM 

45a 

1.280 

1.10 

1.32 

The  adjuBtment  of  the  vibrators  haa  been  changed  so  that,  under 
present  conditions,  the  variations  in  K  are  much  smaller,  being  within 
10%  of  the  direct  current  value  at  1260  cycles.  The  precision  of  thia 
calibration  is  dependent  on  the  accuracy  of  the  measurement  of  the 
oscillogram  and  errors  do  not  ezceed  3%. 

Results  obtained  with  the  oscillograph  are  subject  to  error  princi- 
pally in  the  measurement  of  the  waves.  The  accuracy  with  which  any 
given  harmonic  may  be  determined  depends  on  the  amount  present  in 
the  wave.  The  harmonic 'currents  through  the  vibrators  can  be  deter- 
mined to  the  nearest  jniUi&mpere. 

(6)  Complex  Wave  Test. 

A  comparison  of  two  resonant  shunts  and  the  oscillograph,  in  deter- 
mining the  harmonics  of  a  complex  wave,  was  carried  out,  using  con- 
nections shown  on  P.  I.  C.  No.  157,  attached.  The  oscillograph  cironit 
arrangement  used  was  that  commonly  employed  for  line  current  meas- 
urement (P.  I.  C.  No.  124,  Fig.  1).  With  the  resonant  shunts  bal- 
anced for  each  of  several  harmonics  an  oscillogram  was  made  and 
analyzed  for  the  one  harmonic,  only.  The  table  below  shows  the  results 
obtained. 

Currant  In   Mil  I  lam  paras. 
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180 
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33 
4.1 
1.4 
5.3 
93 
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1.5 

90 

37 
45 
15 
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9.7 
OA 

DA 

89 

35 
43 
1.3 
53 
9.8 
03 

1.2 

101 
32 

1.6 

9.6 

300  

449 
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The  two  shunts  are  seen  to  be  in  fair  agreement  with  each  other  and 
with  the  oscillograph. 

(c)  AdaptabUitj/  of  the  Methadt. 

This  oscillograph  ia  not  suited  for  measuring  currents  less  than  several 
mllliamperes,  hence,  its  use  is  limited  to  those  cases  where  the  values 
are  at  least  of  this  magnitude.  The  resonant  shunt,  however,  can  be 
used  for  measaring  currents  of-hot  a  few  microamperes  provided- it  may 
be  conneeted  directly  in  series  with  the  circuit  whose  current  is  to  be 
measured,  but  its  accuracy  is  questionable  if  the  current  through  the 
shunt  is  below  5  microampfirw,  especially  at  low  frequencies.  This  is 
true  also  for  low  current  values  at  high  frequencies  if  the  shunt  as  a 
whole  is  mnch  above  ground  potential. 

For  enrrents  above  5  milliamperes,  the  os<^llogrftph  is  at  least  as 
accurate  as  the  resonant  shunt,  with  the  great  advantage  that  three 
complete  waves  may  be  taken  simultaneously,  and  instantaneously.  A 
diasdvantage  of  the  resonant  shunt  is  the  lack  of  simultaneity  in  the 
measurements  of  different  hannonics  of  the  same  wave,  the  time  required 
for  a  complete  set  of  observations  for  a  resonant  analysis  being  approxi- 
mately twenty  miuntes.  -  - 

For  measurements  of  the  transverse  induction  ia  eonununication 
circuits  the  resonant  shupt  is  ^better  adapted  than  this  osoillc^raph 
owing  to  its  greater  sensitivity  and  this  is  often  times  the  case  in  longi- 
tudinal measurements. 

For  values  of  the  lower  harmonica  in  power  circuits  the  oscillograph  is 
better  adapted  than  the  resonant  shunt,  which  gives  no  indication  at 
all  at  60  cycles.  For  high  harmonics  nf  small  magnitude  the  resonant 
shunt  is  probably  better,  its  desir^ility  being  inversely  proportional  to 
the  magnitude  of  the  harmonic. 

The  time  required  for  analyzing  an  oscillograph  wave  and  expressiug 
the  results  in  electrical  onits  is  in  general  greater  than  that  required 
for  the  computations  inTolved  in  a  resonant  analysis.  This  is  partic- 
ularly true  when  curves  can  be  prepared  for  the  resonant  shunt  giving 
the  final  results  directly  from  the  observations. 

Bespeetfully  submitted. 

(Signed)     J.  E.  Wooiwbidge, 
Chairman  Subcommittee  on  Tests  No.  1  and  No.  2. 
ATTACHED:  p.  L  C'b.  124,  1ST  and  17a 

In  Files  of  Joirt  COMumsE:  OKlllosramB :  Nos.  447,  44S,  449,  450,  452.  453, 
4S4,  4S5  and  456. 
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Tet^micfd  Report  No.  42. 

JanoBrr  26,  1014. 


1.1 

The  tests  which  are  reported  below  were  made  on  the  three  current 
trangformerB,  in  ose  at  Santa  Cruz,  in  order  to  obtain  information  as 
to  the  gnitability  of  these  transformers  for  the  purposes  of  our  work. 
Primarily,  it  was  desired  to  know : 

a — The  ratio  of  transformation  for  the  fundamental  and  higher 
harmonics  under  various  loads  and  throughout  the  range  of 
secondary  impedance  required  for  purposes  of  other  teats. 

b — The  suitability  of  these  transformers  for  the  measurement  of 
residnal  current  and  the  limiting  conditions  tmder  which  this 
ma;  be  done. 

Sl  Description  of  Cmrent  Transf  onncn. 

Tia  current  traDsformers  in  use  at  Santa  Cruz  and  upon  which  these 
tests  were  made,  are  three  similar  transformers  manufactured  by  the 
General  Electric  Company.    The  name  plate  data  are  aa  follows: 

Serial  numbers— 967008,  99S3S5,  998387. 

l^weifieation  No.  14*686,  Type  S,  Form  K-9. 

Amperes  20/40.    Batio  4/8  to  1. 

Cycles  25—125.    Voltage  27,000. 

S,  Diseasiion  of  Testa  and  Besnlts. 

The  different  tests  which  were  made  in  the  course  of  the  investigation, 
together  with  the  results  obtained,  are  discussed  in  accordance  with  the 
following  outline: 

A — ^R«tio  of  TransformatiDn  for  Effective  Value  of  Current. 

B — Suitability  for  the  Measurement  of  Residual  Current. 

C — Ratio  of  Transformation  for  Harmonics. 

D — Exciting  Current. 

E— Primar;  and  Secondary  Impedance. 

A— Eatio  op  Tbansfobuatiok  fob  EFrBcnvB  Valdsb  07  Cubsent. 

Tests  to  determine  the  ratio  of  transformation  for  the  effective  value 

id  the  ccKtipIex  current  were  made  1^  taking  simultaneous  meter  read- 
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ings  of  the  primary  and  secondary  currents.    The  refiulta  of  these  t 
are  given  in  the  following  table : 


Prfmity 

B..M.d..T 

^iSi 

^s^ 

ID/U 

""°  - 

957006 

12.0 

1.50 

S.0 

2111 

2.63 

7.98 

7.96 

29.7 

3.74 

7.9* 

W.i 

4.9S 

7S1 

996385 

lU 

1.30 

7.97 

19.7 

2.45 

8.0< 

7.95. 

80.2 

8.81 

7.9S 

385 

iM 

7.88 

998387 

U.7 

1.49 

7.8B 

20.0 

2.51 

7.97 

T.91 

30a 

S.80 

7J2 

38.S 

4B8 

751 

The  above  results  indicate  that  the  average  ratio  of  transformation 
is  within  1%  of  the  rating.  For  purposes  of  our  work  the  rated  ratio 
for  the  fundamental  is,  therefore,  sufficiently  accurate.  This  test  was 
made  only  as  a  rough  check  upon  the  transformers.  The  precision  of 
the  results  is  not  such  that  they  can  be  said  to  show  any  inequality  in 
ratio  among  the  three  transformers. 

B — SurrABiUTT  fob  the  Mb&sdbouent  of  BssmuAL  CuBftsn'. 

Residual  current  is  defined  as  the  vector  sum  of  the  line  currents.' 
The  residual  current  of  a  three-phase  system  is  meaaured  by  a  method 
involving  the  use  of  three  current  transformers.  The  primaries  of  the 
transformers  are  connected  in  aeries  with  the  line  conductors.  The 
secondary  windings  are  connected  in  star  grounded.  Ammeters  indi- 
cating the  line  currents  are  connected  in  series  with  each  secondary 
and  grounded  through  a  tneter  indicating  the  vector  sum  of  the  second- 
ary currents.  Disregarding  errors  introduced  by  the  current  trans- 
formers the  secondary  neutral  current  is  a  true  measare  of  the  vector 
sum  of  the  primary  currents  or  the  residual  current  of  the  line. 

A  consideration  of  the  problem  indicates  the  following  possible  sonrceB 
of  error  in  measurements  of  residual  current : 

a — Unequal  ratios  of  tranaformatuHi  for  the  three  transfoimen 

under  equal  loads. 
b — ^Variations  in  the  ratio  of  transformation  with  load, 
c — Unequal  impedances  of  the  secondary  witidiaga  of  the  three 

transformers. 
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d — ^nnbalaneed    external  impedacces  in  Uie  seoondary  eircuita. 

(Meters,  drop-wire,  rheostata,  etc.) 
e — The  presence  in  tlie  secondary  nentral  of  the  3d  harmonic  and 

its  multiple  firising  from  hysteresis  in  the  current  transformers. 

An  apparent  residnal  current  due  to  the  combined  effect  of  the  causes 
ronmerated  above  will  appear  in  the  secondary  neutral  when  no  true 
residual  current  exists  in  the  primary.  Such  errors  are,  therefore,  in 
addition  to  errorB  in  the  ratios  of  transformation  of  the  primary  residual 
current.  Errors  in  ratio  of  transformation  apply  equally  to  the  line 
currents  and  are  not  considered  as  a  factor  in  determining  the  suita- 
bility of  the  transformers  for  measurementa  of  residual  current. 

Errors  due  to  the  first  four  causes  will  introduce  into  the  current 
in  the  secondary  neutral  harmonics  eharacterlstic  of  balanced  three- 
phase  currents,  that  is,  fuudamental,  5,  7,  11,  harmonics,  etc.  Varia- 
tions in  the  ratio  of  transformation  with  load  will  give  the  effect  of 
OQequal  ratios  of  transformation  when  the  load  currents  on  the  three 
transfonneHB  are  unequal. 

The  errors  introduced  by  the  third  harmonic  and  its  multiples  arising 
from  hjsteresis  in  the  current  transformers  are  inherent  with  the  type 
oi  connection  necessary  for  measuring  residual  current.  These  har- 
monics are  in  phase  in  all  three  secondaries  and,  therefore,  flow  through 
the  secondary  neutral  circuit.  Their  presence  is  independent  of  the 
presence  or  absence  of  corresponding  harmonies  induced  by  the  primary 
windings  and  with  which  they  combine  vectoriaUy  in  the  case  of  actual 
residual  current. 

The  teats  described  below  were  made  to  determine  the  magnitude  of 
the  errors  arising  from  the  causeB  above  discussed,  to  be  expected  in 
measurements  of  residual  current  made  with  these  particular  trans- 
formers. The  diagram  of  connections  used  in  testing  is  given  on  the 
attached  blue  print  (P.  I.  C.  No,  132) ;  the  secondary  connections  there 
shown  are  those  in  normal  use.  In  addition  to  an  ammeter,  a  two  ohm 
drop  wire  resistance  unit  and  an  air  core  inductance  coil  of  0.0075 
henry  are  inserted  in  the  secondary  circuit  of  each  transformer.  The 
are  used  in  the  operation  of  resonant  ahunta  and  oscillograph.  A  10 
ohm  drop  wire  resistance  unit  and  a  milliammeter  are  placed  in  the 
secondary  neutral  for  the  purpose  of  analyzing  and  measuring  the 
effective  value  of  the  residual  current.  Short-circuiting  switches  are 
provided  in  the  secondary  circuits  for  cutting  out  apparatus  not  in  use. 
In  order  to  determine  the  magnitude  of  the  apparent  residual  current 
the  transformers  were  excited  and  the  primary  neutral  opened,  thus 
eliminating  all  true  residual  current.  Measurements,  meter  readings, 
oscillograma  and  resonant  analyses  were  taken  of  the  apparent  residual 
current  in  the  secondary  neutral  under  different  load  conditions  of  the 
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primary  and  under  different  conditions  of  the  secondary  circuits  as 
regards  the  included  apparatus.  In  particular,  the  measurements  were 
made  for  practically  the  full  range  of  primary  load  current  and  the 
effect  of  unequal  load  was  also  noted.  As  regards  the  secondary  con- 
ditions, the  measurements  were  made  with  differentr  amounts  of  balanced 
and  unbalanced  impedances,  represented  by  different  pieces  of  apparatus 
in  the  secondary  circuits.  The  results  of  all  these  measurements  are 
summarized  in  tables  below.  Following  the  tables  some  discussion  of 
the  results  is  given. 

A  complete  set  of  meter  readings  of  the  effective  valae  of  the  apparent 
residual  current  for  different  loads  and  secondary  conditions  are  plotted 
on  P.  I,  C.  No.  160,  attached.    These  results  ate  not  tabulated. 

TABLE   II. 

App>r«nt   RHidual   Currvnt — Metar  Reatflngi. 

IBSect  Of  nntuJftnced  ImpedancGB— EJqual  LiOad  CurrMita. 
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TABLI    111. 
Altpai'wnt   R«sldiial  Oumnt — MMar  Raatflnga. 
Balancad  Impedanoa*— Unequal  Ldad  Curraata. 
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TABLE    IV. 
Apparant  Real  dual  Currant^Raaonant  Analyaae. 
Balanced   Impedancei — Equal   Load   Currents. 
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TABLE    V, 
Apparant   RoalduKI   Currant — FtMonant   Analyaw. 
Balanced    Impedanceo — Bqual    Iiotul    Cuireiita. 
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1  measurementa.     10  obm  drop  wire 


Cutting  in  inductance  coils  in  one,  two,  or  all  three  secondary  leads 
produced  an  increase  in  the  third  harmonic  and  its  odd  multiples  up 
to  the  2l8t  harmonic,  the  highest  one  examined.  The  increase  appears 
to  be  approximately  proportional  to  the  number  of  eoils  added. 

The  2  ohm  resistance  units  have  little  effect  on  the  3d  and  Sth  har- 
monics. With  heavy  secondary  load  current  the  addition  of  one,  two, 
or  three  units  of  resistance  produced  a  slight  decrease,  the  inductance 
eoila  being  out  of  circuit.  These  observations  are  not  in  accord  with 
those  noted  above  for  the  effect  of  the  Inductance  coils.  It  is  to  be 
expected  that  the  effect  of  the  resistance  units  would  be  of  the  same 
character,  but  less  marked,  than  the  effect  of  the  coils. 

For  the  5tb,  7th  and  11th  barmonics  one  inductance  coil  or  resistance 
produced  an  increase ;  the  addition  of  a  second  coil  or  resistance  pro- 
duced no  effect;  and  the  addition  of  a  third  coil  or  resistance  produced 
a  decrease.  The  resistance  units  produced  less  effect  than  the  induc- 
tance coils. 
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TABLE   VI. 

App«r«nt  RMldual   Current — Otclllooram  Analynt. 

Balanced  Impedances— Bqual  I-oad   Currents, 


TltotiuMt.1 


Balanced    Impedances— Eaual    Load    Currents. 
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TABLE   VII. 

Apparant    Realdual    Currant — Oaclllograin    Analyaaa. 

Balanced   Impodaiicea— Equal   Load   Currento. 


Balanced   Inpedant 


—Unequal  Load  Currents. 


TABLE   VIM. 

Apparent    Realdual    Current — Oiclllogram    Analyiet. 

Effect  ot  Unbalanced  Impedances — Equal  Load  Currents. 
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Apparent  Residual  Current — Discussion  of  Besultt.  An  inspection 
of  the  resnlts  obtained  under  conditions  approaching  equal  loads  and 
with  similar  apparatus  in  each  secondary  circait  shows  an  appreciable 
amount  of  I4}parent  residual  current.  Oscillograma  of  the  apparent 
residual  current  under  these  coDditions  show  it  to  be  composed  princi- 
pally of  the  tbird  harmonic.  The  analyses  of  oscillograms  No.  410  and 
Xo.  412  taken  with  the  maximum  impedance  in  each  secondary  circuit 
and  with  the  transformers  under  as  nearly  as  possible  equal  loads,  are 
plotted  on  P.  I.  C.  No.  162,  attached.  These  oscillograms  show  a  funda- 
mental in  the  apparent  residual  current  amounting  to  approximately 
one  Berenteeu-hundredth  part  of  the  fundamental  in  the  secondary  load 
correnta.  The  magnitude  of  the  third  harmonic  in  these  oscillograms 
is  4.5  times  that  of  the  fundamental.  Resonant  analyses  made  under 
nmilar  conditions  are  in  reasonable  accord  with  the  oscillogram  as 
regards  the  third  harmonic  and  show  also  the  presence  of  small  amounts 
of  fifth,  seventh,  and  ninth  harmonics. 

The  effect  of  unequal  load  currents  is  shown  by  the  meter  readings 
in  Table  III  and  oseillc^ram  No.  413  in  Table  VII.  Under  the  extrem« 
conditions  of  load  unbalance  to  which  these  measurements  apply  the 
effective  value  of  the  apparent  residual  current  is  practically  the  same 
as  that  corresponding  to  balanced  load  currents  equal  to  the  maximum 
of  the  nnequal  currents.  Oscillogram  No.  413  shows,  however,  a  marked 
chanf^  in  wave  form,  the  fundamental  is  greatly  increased  and  the 
third  harmonic  diminished  as  compared  with  results  obtained  for  equal 
load  cuirents.  The  increase  in  the  fundamental  is  due  probably  to  the 
difference  in  the  ratios  of  transformation  corresponding  to  the  different 
loads  on  the  individual  transformers.  Also,  under  these  conditions 
the  three  line  currents  are  not  120  degrees  apart  in  phase  and,  therefore, 
the  hysteretic  third  harmonics  of  the  three  transformers  arc  somewhat 
out  of  phase,  which  accounts  for  the  diminution  observed  in  the  third 
hannonie.  The  fundamental  in  the  apparent  residual  current  as  shown 
by  this  oscillogram  is  approximately  one  four-hundredth  part  of  the 
maximnm  secondary  load  current.  All  the  results  obtained  with  the 
ao-called  balanced  impedance  of  the  secondary  windings  and  associated 
apparatus,  given  in  a  later  section  of  this  report,  indicate  that  farther 
refinements  to  eliminate  from  the  apparent  residual  current  those  har- 
monics characteristic  of  the  balanced  currents,  would  be  unwarranted. 

The  tests  with  balanced  impedances  show  an  increase  in  the  third 
and  ninth  harmonics  with  an  increase  in  the  magnitude  of  the  secondary 
impedance.  This  is  acconnted  for  by  the  increase  in  the  primary  im- 
pedance voltage.  It  is  best,  therefore,  to  make  measurements  of  residual 
current  with  a  minimum  of  impedance  in  the  secondary  windings. 
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Oscillogram  No.  414  (Table  VIII)  shows  the  marked  increase  io  the 
fundamental  due  to  an  unbalance  in  the  secondary  impedances  caused 
by  the  introduction  of  an  inductance  coil  or  resistance  unit  in  the  circuit 
of  one  transformer.  Observations  with  the  resonant  shunt  confirm  this 
for  Ikbe  5th,  7th,  and  11th  harmonics.  Besidual  current  should  never 
be  measured  under  such  conditions. 

C.     Ratio  op  Transformation  op  Harmonics. 

In  order  to  determine  the  ratio  of  trausformation  of  harmooicB  under 
normal  load  conditions  the  transformers  were  excited  from  the  three* 
phase  supply.  The  Vreeland  Oseillator  was  introduced  into  the  pri- 
mary neutral  circuit  adjusted  for  resonance  at  the  test  frequency. 
Resonating  the  primary  neutral  circuit  effectually  eliminated  currents 
of  other  frequencies. 

The  chief  advantage  of  this  method  of  determining  the  ratio  of  trans* 
formation  of  harmonics  lies  in  the  fact  that  a  single  harmonic  may  be 
isolated  for  testing  purposes  and  its  ratio  of  transformation  determined 
under  full  load  conditions  of  the  transformers.  It  has  the  advantage 
and  accuracy,  therefore,  of  a  single  frequency  test  and  yet  may  be  made 
under  normal  load  conditions  of  the  transformers  as  regards  saturation 
and  core  loss.  It  was  easily  possible  to  measure  the  ratio  of  tranafor- 
matioQ  of  harmonics  whose  magnitudes  were  as  small  as  one  four-thou- 
sandth part  of  the  magnitude  of  the  fundamental. 

Twa  methods  of  measuring  the  ratio  of  transformation  of  the  cur- 
rents introduced  into  the  primary  neutral  were  used — tlie  resonant 
phunt  and  the  oscillograph.  The  resonant  shunt  method  is  described 
in  technical  report  No.  41.  It  is  sufficient  to  repeat  here  that  the 
accuracy  of  .the  method  is  independent  of  the  calibration  of  the  shout 
and  is  determined  solely  by  the  ability  of  the  ear  to  detect  differences 
in  volumes  of  sound  of  the  same  frequency. 
.    The  results  of  the  tests  are  recorded  in  Tables  IX,  X,  XJ  and  ZIL 
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TABI.K    IX. 

Ratl«  of  Tran*farmatl«n  «f  Harmonica — By   RaMnant   ShUnt. 
■  O11I7  In  SoooadarT  Circuits. 
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TABLE    X, 

Ratio  of  TranaformatJon   of  Harmonica — By   Reionant  Shunt. 
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TABLE    Xt. 
I    of   Tran ■formation    of    Harmonic*— By    Oaolllograph. 
Ammeters  Only  Id  S«oon<3Bry  Leads. 


NOTB. — Unbalanced   load   • 
circuit. 

•Denotes  values  which  an 


ent   through    primary    neutral     Osclllatot    not 


TABLE    XII. 
0  of  Transform  at  Ion  of  Harmonica — By  Osodloflraph. 
Ammeters   Only  In    SeoonOary   Iieads. 


NOTC — Primary   neutral    circuit   adjusted    for   resonance   at   test   frequency    and 
supplied  by  Vreeland  Oscillator. 
•Inductance  colls  In  circuit  also. 
tlO  ohm  drop  wire  resistance  In  secondary  neutral. 
tSee  discussion  of  this  table. 

Ratio  of  Transformation  of  Harmonics — Discussion  of  Results.  The 
ratio  of  transformation,  as  determined  by  the  resonant  shuDt  method, 
shows  a  slight  decrease  with  an  increase  in  the  frequency.  Most  of  the 
tests  were  made  with  the  transformers  under  practically  full  load  with 
three-phase  excitation.  Over  a  considerable  range  of  load,  however, 
the  observations  show  no  change  in  ratio  of  transformation  of  the  har- 
monics. With  no  tliree-phase  load  on  the  transformers  the  ratio  shows 
a  slight  increase  above  the  ratio  as  obtained  under  load  conditions. 
The  results  show  no  change  in  the  ratio  due  to  an  increase  in  the  second- 
ary impedance  caused  by  cutting  the  inductance  coils  in  circuit.  The 
ratios  of  transformation  as  determined  by  these  tests  were  unaffected 
by  the  introduction  of  harmonies  in  the  secondary  nentral  by  hysteretie 
action  as  such  harmonics  were  inappreciable  as  compared  with  currents 
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of  the  sajne  freqnency  supplied  by  the  oscillator.  Owing  to  the  fluctu- 
ations canaed  by  the  hysteretic  third  hELnnoiiic  it  was  impoasible  to  make 
determinations  at  180  cycles.  For  a  similar  reason  the  ratio  for  the 
ninth  coold  not  be  detennined  when  the  indnetance  coils  were  in  circuit. 
In  future  investigations  of  this  nature  it  will  be  better  to  make  deter- 
minations for  freqnencies  corresponding  to  the  5th,  7th,  and  11th  har- 
monics, etc.,  which  are  not  introdaced  in  the  secondary  neutral  by 
hysteresis.  It  is  estimated  that  the  ^vert^e  results  obtained  by  the 
reaooant  ahont  method  are  aceurate  within  3%. 

Oacillc^ram  No.  461  (Table  XI)  shows  the  primary  and  secondary 
neutral  eurrenta  caused  by  a  load  unbalanee.  The  ratio  for  the  third 
harmonic  is  low  (7.4)  doe  to  the  effect  of  the  hysteretic  third  harmonic. 

Both  oscillograms  No.  466  and  No.  468  (Table  XII)  show  apparent 
variations  in  the  ratio  of  tranaformatioQ.  This  is  due  to  the  fact  that 
the  oscillator  supply  was  not  in  exact  83rnchroniam  with  the  third  har- 
monic of  the  power  system  whose  frequency  varied  slightly.  This  was 
evident  from  the  ductuations  or  beats  observed  in  the  primary  neutral 
curreat.  Under  these  conditions  the  third  harmonic  in  the  aeeondarj' 
neutral  due  to  hysteresis,  will  add  vectorially  with  varying  phase  angle 
to  the  third  harmonic  supplied  by  the  oscillator.  An  amount  of  hys- 
teretic third  harmonic  sufQcient  to  account  for  the  extreme  variations 
in  ratio  shown  by  oscillogram  No.  466,  is  shown  by  measurements  made 
of  the  apparent  residual  current  under  conditions  of  load  and  secondary 
impedance  the  same  as  for  this  oscillogram. 

The  secondary  wave  form  in  oscillogram  No.  468  is  so  distorted  by  the 
third  and  ninth  harmonics  due  to  hysteresia  that  it  is  impossible  to 
determine  the  ratio  of  transformation  with  any  degree  of  accuracy. 
The  inductance  coils  were  in  circuit  when  this  (aeiUogram  was  taken. 

All  ostuUograms  listed  in  Table  XII  show  the  presence  of  the  hys- 
teretic third  harmonic  in  the  secondary  wave.  .  This  is  a  source  of  some 
error  in  determining  the  raty^  of  .transformation  for  the  particular 
harmonic  supplied  by  the  oscillator.  It  is  estimated  that  these  results 
are  accurate  within  5%. 

Though  all  determinations  of  the  ratio  of  transformation  of  harmonics 
were  made  for  the  primary  and  secondary  neutral  currents,  the  con- 
ditions of  the  tests  were  such  as  to  make  the  results  apply  equally  to 
harmonics  of  the  balanced  three-phase  currents. 

D.    Ihpbdancb  Voltage  and  EzcrriNa  Cvsmtn. 

Measarements  of  tiie  impedance  voltage  and  exciting  current  were 

made  with  the  transformers  connected  for  S  :1  ratio,  at  60  cycles.    Most 

of  the  measurements  were  made  on  transformer  No.  998387.    A  few 
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readings  were  taken  on  the  other  two  transformers  and  they  'checked 
within  1%  the  values  obtained  for  transformer  No.  998387. 

Th^  primary  impedance  voltage  was  measured  over  tlie  range  of 
primary  load  with  various  amoimts  of  impedance  connected  on  the 
secondary  side.  The  values  obtained  are  tabulated  below  and  plotted 
on  P.  I,  0.  No.  158  together  with  a  diagram  of  connections. 


Short  olrenlted. 
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Ammeter,.  2  ohm  resistance  onlt  and  loductanca 
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The  exciting  current  was  determiDed  for  the  range  of  voltage  indi- 
cated by  the  above  table.     The  reanlts  are  tabulated  below  and  are 
plotted  on  P.  I.  C.  No.  159,  t^^ether  with  a  diagram  ef  connections. 
TABLE  XIV. 
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■  (Tectorially) 


Beferring  to  the  diagram,  tlie  unmeter  A  wiU  indicate  the  vector  Btlm 
o£  (1)  the  exciting  current,  (2)  the  current  taken  by  milliametar  M  in 
seriea  with  the  nouindoctive  resistance  Bci  and  (3)  the  current  through 
the  DOQinductive  resistance  R..  For  the  same  value  of  the  corrent  I^ 
through  the  meter  M. 

Let  I. ^current  through  A  with  switch  S  open 
It,  =  current  through  A  with  switch  S  closed 
Ik  =  exciting  current 

Then 

I.  =  Ix  +  I„ 

I.  =  I.  +  I.  +  Ib, 
since  the  impedance  of  M  is  known,  the  la^t  two  equations  are  sufficient 
to  solve  for  the  exciting  current  I.. 

On  P.  I.  C.  No.  161  the  exciting  current  is  plotted  as  a  fuztetion  at 
the  secondar?  current  for  three  values  of  the  external  secondary  imped- 
ance represented  by  different  pieces  of  apparatus.  These  curves  show 
that  the  addition  of  the  2-olun  resistance  unit  increases  the  exciting 
eDn«nt  about  Z%  above  that  required  on  short  circuit.  The  addition 
of  the  2-ohin  resistance  unit  and  the  inductance  coil  increases  the 
exciting  current  about  13%. 

E.  Pbimabt  and  Secondabt  Impedance. 
Preliminary  to  the  determination  of  primary  and  seeondary  imped- 
ance of  the  current  transformers,  direct  current  measurements  of  the 
resistimees  were  made  of  the  primary  and  secondary  wxodinga  of  each 
transformer,  togsthOT  with  the  resistance  of  the  secondary  leads  and 
SBSOeiated  apparatus.     The  resnhs  are  given  in  the  table  below. 
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Ueasuremeuts  of  the  inductance  of  ,|:1^  pfimsiy  apd  ^condary  wind- 
ing) were  made  on  transformer  No.  967008.  These  measurements  w^re 
made  at  several  frequencies  rangiiig' up.  to  1260  cyeles.per  a^nd..  The 
effective  resistance  was  too  small  to  measure  with  the  impedance  l^eidge. 
The  measurements  indicate  no  /ippreeiable  change  in  the  inductance 


■doyGoot^Ic 


244  INDUCTTVB  INTERFBRBNC«. 

with  frequency.     Taking  the  direct  current  resistance  as  the  effeetive 
Instance,  the  results  are  as  follows: 

Secondary  Winding — Primary  Short-Circuited. 
Inductance  =  0.014  henrys. 
Reactance  at  60  cycles  =  5.28  ohms. 
Impedance  at  60  cycles  =  0.97  +  j5.28  =  5.37  ohms. 
Approximate  impedance  at  any  frequency  ^  5.28  n  ohms  where 
n  =  order  of  harmonic. 

Primary  Winding — Secondary  Short-Circuited. 
Inductance  ^  0.0005  henrys. 
Keactauce  at  60  cycles  =  0.19  ohms. 
Impedance  at  60  cycles  =  0.048  +  j0.19  =  0.20  ohms. 
Approximate  impedance  at  any  frequency  ^  0.19  n  ohms  where 
n  =  order  of  harmonic. 

4.  Oonchisioiu. 

The  ratio  of  transformation  for  the  fundamental  and  higher  har- 
monies under  various  loads  and  throughout  the  range  of  secondary 
impedance  required  for  purposes  of  tests  may  be  taken  as  the  rated 
ratio,  8  to  1,  within  an  accuracy  of  about  3%.  This  accuracy  is  effi- 
cient for  purposes  of  our  work. 

The  value  for  the  ratio  of  transformation  given  above  does  not  take 
into  account  the  effect  of  harmonics  in  the  secondary  circuits  introdnced 
by  hysteresis,  errors  arising  from  the  presence  of  which  must  be  sepa- 
rately sonsidered.  The  magnitude  of  the  third  .harmonic  and  its 
multiples  arising  from  this  cause  is  shown  by  the  measorementa  of 
apparent  residnal  current.  The  values  of  the  hyst«retic  third  hannonic 
and  its  multiples,  in  each  secondary  circuit,  will  be  one-third  their 
value  in  the  apparent  reddnal  current  for  the  same  eonditicHi  of 
load  and  secondary  impedance.  The  magnitude  of  harmonics  other 
than  the  third  and  multiples  which  are  introduced  by  hysteresis  were 
not  determined  by  these  tests.  It  is  reasonable  to  suppose,  however,  that 
the  magnitudes  of  the  fifth  and  other  harmonics  arising  from  hysteresis 
is  less  than  that  of  the  third. 

The  investigation  of  these  transformers  to  determine  their  snitability 
for  the  measurement  of  re^dual  current,  showed  the  presence  of  an 
apparent  residual  current  on  the  secondary  side  when  no  trne  residual 
current  existed  on  the  primary  side.  The  magnitude  of  this  apparent 
residual  current  increases  with  the  load  on  the  transformers  and  with 
the  amount  of  impedance  in  the  secondary  circuits.  Under  conditions 
of  equal  load  currents  and  balanced  secondary  impedances  this  apparent 
residual  current  varies  from  0.1%  of  the  secondary  load  current  for 
meters  only  in  secondary  circuits  to  0.3%  for  meters,  2-ohm  resistance 
units  and  0.0075  henry  inductance  coils  in  secondary  circuits.     It  is 
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composed  principally  of  the  third  harmonic  together  with  some  funda- 
mental. The  fundamental  under  the  latter  conditions  amounts  to 
approximately  0.06%  of  the  secondary  load  current. 

Unequal  load  currents  give  approximately  an  effective  value  of 
apparent  residual  ciureut  corresponding  to  the  maximum  of  the  un- 
equal load  currents.  Under  these  conditions,  however,  the  wave  form 
is  eoDsiderably  altered,  the  fundamental  being  increased  and  the  third 
harmonio  decreased. 

The  harmonics  characteristic  of  the  balanced  components  of  currrait 
(fundamental,  5th,  7th  and  11th,  etc.)  present  in  the  apparent  residual 
current,  are  small  with  similar  apparatus  in  each  secondary  circuit. 
The  results  indicate  that  it  would  be  tmwarranted  to  attempt  further 
refinements  of  balance  to  eliminate  these  harmonica. 

Measurements  of  residual  current  should  never  be  mad%  without  sim- 
ilar apparatna  in  each  secondary  circuit  and  it  ia  best  to  make  such 
measurements  with  a  minimum  of  impedance  in  each  secondary  circuit. 
The  masnitade  of  the  possible  errors  in  the  true  residual  current  due 
to  the  existence  of  the  apparent  residual  current  may  be  determined 
from  the  tabulated  and  plotted  results  given  in  this  report. 

BeapeetfaUy  submitted. 

(Signed)     J.  E-  WoooBsnxm, 
Chairman  Subcommittee  on  Test  No.  3. 

Attached  :  P.  I.  C.  Nos.  182,  158,  169.  IflO,  161,  162. 
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Technical  Report  No.  60. 

October  9,  1914. 

TESTS  RELATING  TO  THE  THIRD  HARMONIC  AND  ITS  SUPPRESSION 

IN  A  THREE-PHASE  BANK  OF  TRANSFORMERS.* 

Ma;  IS,  21,  25.  26,  June  22,  1914. 

Introduction. 

This  report  presents  the  results  of  tests  made  on  a  three-phase  bank 
of  single-phase  transformers  to  determine  the  relative  magnitudes  of 
third  harmonic  produced  therein  when  the  magnetic  densities  of  the 
transformer  cores  are  varied;  and  a  study  of  the  efficacy  of  different 
methods  of  connection  in  suppressing  the  third  harmonic  and  its  odd 
multiples  so  as  to  provide  an  energy  source  free  from  these  harmonics. 
The  types  of  connections  were; 


PltaBUT 

—       1 

Star 

Star 

T-T 

Star 

laterconnected-Star 

T-rr 

Delta 

Star 

D-T 

Delta 

iDterconnected-Star 

D-IT 

Star 

Delta 

T-D 

Star 

Interconnocted-Delta 

y-iD 

Delta 

Delta 

D-D 

Delta 

Interconnected-Delta 

D-ID 

Description  and  BesttltB  of  Tests.  > 

In  these  tests  three  G.  E.  50  kv-a,  Type  H,  Form  R.  P.,  22000/19800- 
2400/480-volt  transformers  were  used.  They  were  energized  from  the 
22000-volt  three-phase  huses  of  the  Coast  Counties  Gas  and  Electric 
Company's  plant  at  Santa  Cruz.  During  part  of  the  tests  the  Santa 
Cruz-Watson ville  line  of  the  above  company  was  used  as  a  balanced 
three-phase  load.  At  Watsonville,  switches  were  installed  so  that  the 
line  conld  be  opened,  short-circuited  or  grounded. 

The  variation  of  magnetic  density  was  accomplished  by  applying  to 
the  primaries  of  the  transformers,  22000  volts  at  the  different  coil  ter- 
minals, namely,  at  the  100%  and  90%  taps,  the  halves  of  the  primary 
windings  being  in  series  or  in  parallel.  The  terms  "45%  connection" 
and  "50%  connection"  are  used  to  designate  the  cases  with  halves  of 
primary  windings  in  parallel.  The  22000-volt  supply  circuit  was  at  all 
times  isolated  from  gronnd. 


*See  T.  B.  Nob.  G9  aod  SO. 
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At  Santa  Cmz,  curreDt  and  potendal'  tranHformers  were  so  arranged 
ttiat  readings  could  be  made  on  the  secondary  side  of  these  transformers. 
No  facilities  were  available  for  making  curreut  and  voltage  observations 
on  the  primary.  It  has  been  assnmed  that  the  primary  voltage  was  c<m- 
stant.  The-Toltage  from  the  seeoudary  neutral -to  grduod,  Fn,  Was 
measured  with  as  high  an  impedanoe  as  practicable  between  the  neutral 
and  groond.  The  neutral  current,  Ih,  and  residual  current,  Ir,  were 
measured  with  a  very  low  Impedance  between  the  secondary  neutral 
and  ground.  The  residual  voltage  was  measured,  both  with  the  second- 
ar>-  neutral  of  the  transformers  isolated  and  with  it  grounded.  The 
measuring  instrument .  was  inserted  between  the  neutral  of  three  star- 
connected  potential  transformers  aod  ground,  the  secondaries  of  the 
potential ,  transformers  being  delta-connected.  The  measurement  thus 
obtained  is  one-third  the  residual  voltage.  The  values  are.  given  in;  the 
tables  as  measured,  for  convenience  in  comparing  with  the  netitral 
voltage. 

In  the  tests  with  the  Santa  Cruz-Watsonville  line  conhected  to  the 
transformen,  there  was  induction  from  the  2200-Tolt  distribution  cir- 
cuits, which  caused  errors  in  the  observations  of  residual  aiid  neutral 
voltages  and  currents.  This  was,  in  some  cases,  of  such  magnitude  as 
to  mask  the  effects  of  changing  the  transformer  connections  and  varying 
the  magnetic  density. 

P.  I.  C.  No.  212  shows  the  schematic  diagrams  of  interconnected-star 
and  intercoonected-delta  windings  and  the  corresponding  voltage  dia- 
grams. There  is  also  shown  the  arrangement  of  secondary  coils  used 
for  each  transformer  when  "interconnected.""  It  should  be  noted  that 
this  arrangement  is  not  the  best  possible  as  regards  the  elimination  of 
magnetic  leakage  between  the  two  halves  of  the  windings,  the  beat 
arrangement  probably  having  the  diagonally  opposite  coils  together  as 
one  unit. 

In  order  to  determine  the  yariation  in  magnetic  density  the  mazUnum 
value  of  the  induced  e.m.f .  J.11  the  transformer  sjmuld  be  known,  ,  As 
that  was  hot  obtained  the  effective  value  of  the  secondary  line  voltage 
is  used  as  an  approximate  index  of  the  magnetic  density. 

A — TBSTa   WITH    TeU^SFOSMBB    SBCOMnARIES    GONNBCTBD   TO  LiNK, 

In  Table  I  are  shown  the  meter  readings  of  current  and  voltage  for 
the  several  tests  with  the  primaries  of  the  transformers  connected  delta 
and  T,  secondaries  T  an4  lY-  .The  following  discuasion  is.  based  on 
Table  I  and  oscillograms  shown  in  Tables  II,  III  and  IV. 
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TABLE    I. 
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D-IT 
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F«r  end  of  line  pxnipa«d. 
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T-Y 
T-T 

1140 
1010 

Y.IY 

1000 

T-IT 

90O 

D-T 
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D-T 
D-IT 
D-IT 

1750 
1540 
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4 
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(OJSO*) 

(OJ>U)(OjOOO) 

0.024 

0.01S 
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oMtojooe) 

13(4 

— 

0.19(0.006) 

Valuer  within  parenthesee  show  values  due  to  Induction  from  low-voltaje  clrculU, 
with  tbe  tnuufonnera  under  test  imenerglied. 
^-■>    TolUre  between  lines. 
Iti  average  amperea  per  phaM. 

^1  'Ml    voltage  and  current  from  nentml  to  crotind. 
^1  IRi    reeldual  voItaRC,  eurront. 


■Denotee  a  value  too  small  t 

' — Denotes  a  mcBHurement  not  made. 

'Raadlnt  taken  on  ammeter  of  blKh  Impedance. 
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TABLE    II. 

1/s  RMlduBl  VoHaga— VoMa— v-Y  CaMi«ctlMi. 

BeooiMUrr  N*utr«l   OrMmdad. 


OMiUocnuB  No. 

6M    . 

no                  807 

aos 

-___ — ^^ 

.. 

»ft 

Wft 

IN* 

Fir  end  of  line  isolftted. 


OMlUomiD  No. 

on 

«M 

«10 

fl07 

Tu  end  of  line  groundeil. 

• 
9 
U 

OJW 
5.0 

a4 

4.1 
OJ 
0.1 

ooz 
om 

0.41 
0JI2 

OaeUlotrain  No. 

<M 

ew 

m 

«e 

Ncrn. — Wftb  the   far  end  of  the  IIda   laolstod,  the  realdiwl  voltase  and  neutral 
current  were  not  affected  by  opening  or  thort-clrcUltiiiB  the  bir  end  of  the  Une. 
*Val[M  too  am^   to  meuare  aoeumtdy. 

'        '        '"■■  '  * e  practicall]'  IdenticaL 


tTbe  neutral  and  residual 
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Neutrat  Curr 

TABLE     ril. 
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,      ,     . 

-  Far  "end  of  line  iBoUted.          -^  " -■     '"  -■■' 
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'0.015 
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0.012 
-■      0.001 
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■:     0.001 
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0002 

• 
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War  end  o(  line  grounded. 


o.oa« 

OJXK 
0.001 
0.006 

aoos 
aoM. 

0.005 
Q.001 


0.OSO 
0,018 
0X129 
0.008 


OBcllloKram  No.. 


Y-Y  Conneciion.  The  residual  and  neutral  voltages  and^  currents 
when:  the  far  eoA  of  the  Mm  is  isolated,  appear  to  be  directly-  pBopor- 
tional  to  the-  secondary  line  voltage..  With  the  far  end  of  the  line 
grounded,  the  re^daal  voltage  Ib  lowered  alid  the  residnal  current 
greatly  increased,  due  to  the  low-impedance  path  offered  to  the  triple 
harmonics.  Comparison  of  values  with  the  far  end  of  the  line  open 
and  with  it  short-circuited  indicates  that  the  balanced  three-phase  load 
has  very  little  or  no  effect  on  the  residuals.  With  increase  in  magnetic 
density,  the  neutral  current  increases  very  rapidly,  being  approximately 
proportional  to  the  cube  of  the  secondary  line  voltage.  The  variation 
of  residual  and  nentral  voltage  and  current  with  secondary  line  voltage 
and  the  effect  of  grounding  the  line  are  shown  on  P.  I.  C.  No.  211. 

An  examination  of  oscilli^raphic  analyses  (Table  II)  shows  that  with 
the  far  end  of  the  line  isolated  the  third  harmonic  residual  voltage 
increases  almost  in  direct  proportion  with  the  secondary  line  voltage. 
The  ninth  appears  in  appreciable  magnitude  with  the  50%  connection. 

In  the  nentral  current  (or  residual  current)  with  the  far  end  of  the 
line  isolated,  there  is  practically  only  the  third  harmonic,  with  the  100% 
connection,  but  with  the  50%  connection  (approximately  doubled  mag- 
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netic  density)  the  ninth  and  fifteenth  harmonica  appear,  the  ninth  being 
about  half  as  large  as  the  third. 

The  impedance  of  the  line  to  ground  for  the  third  harmonic  as  diown 

by  the  relation  of  residual  voltage  to  residual  enrrent, 


(Is-) 


is  about  1500  ohms  with  the  far  end  of  the  line  isolated.  With  the 
far  end  of  the  line  grounded  this  impedance  is  about  40  ohms.  For 
the  ninth  harmonic,  trith  the  far  end  of  the  line  isolated,  the  impedance 
is  abont  one-third  that  given  for  the  third  harmonic,  as  in  this  ease  the 
line  is  approxiinatelf  equivalent  to  a  condenser.  On  the  other  hand, 
■with  the  line  grounded  the  impedance  for  the  ninth  harmonic  is  approx- 
imately three  times  that  for  the  third.  These  facts  partially  account 
for  the  prominence  of  the  ninth  as  compared  with  the  third  harmonic 
in  the  neutral  current  when  the  line  is  isolated. 

The  residual  current  and  the  neutral  current  should,  with  the  arrange- 
ment used,  be  practically  identical.  In  a  number  of  cases  (see  Table  I) 
where  the  residual  current  value  is  much  less  than  the  neutral  current 
value  the  discrepancy  is  apparently  due  to  the  high-impedance  ammeter 
used. 

One-third  the  residual  voltage  with  grounded  secondary  neutral  is 
practically  identical  with  the  neutral  voltage: when  the  far  end  of  the 
line  is  isolated.  Grounding  the  far  end  of  the  line  does  not  affect  the 
neutral  vdtage,  for  the  adnuCtance  of  the  line  to  ground  is  lat^  com- 
pared to  that  of  the  transformer  secondary  neutral  poin;t  to  ground 
whether  the  line  be  itself  grounded  or  not.  One-third  the  residual 
voltage  with  the  sectHidary  neutrttl  and  the  far  end  of  the  Une  grounded 
is  much  less  than  the  neutral  voltage.  In  the  above  condition  of  meas- 
uronent  of  the  rendifal  voltage  there  is  opportunity  for  triple  harfnonics 
of  magnetizing  current  to  flow,  which  cut  down  the  induced  t^ple  hpr- 
monic  voltages.  Also,  the  impedance  drop  in  the  transfomierB. is, prob- 
ably of  appreciable  magnitude  compared  to  the  impedance  drop  in.  the 
line  and  ground,  which  latter  determines  the  residual  voltage  under  the 
conditions  of  this  test. 

In  the  foregoing  diseu^on  the  residual  voltage  considered  is  that 
observed  when  the  secondary  neutral  was  grounded.  'VFlien..th^  seepnd- 
ary  neutral  is  isolated,  the  residual  voltage  is  very  much  less,  too  small 
to  measure  accurately  with  instruments  used,  and  its  true. value  is 
masked  by  induction  from  low-voltage  circuits.  That  its  value  should 
be  small  is  evident  from  the  fact  that  the  external  circuit  for  the  triple 
harmonic  voltages  induced  in  the  transformers  (in  phase  in  .the  three 
transformers)  consists  of  tiie  impedance  from  the  line  to  ground  (all 
three  conductors  in  parallel)  in  series  with  the  impedauce  between  the 
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gecondary  neutral  point  and  ground.  (The  distributed  constants  of  the 
transformer  windings  enter  into  a  determination  of  equivalest  imped- 
..ance  of  neutral  to  ground.)  The  residual  voltage  is  that  portion  of 
[  the  total  impedance  drop,  in  Uie  external  circuit  occurring  between  the 
line  and  ground,  which  is  small  compared  to  the  drop  between  the 
secondary  neutral  point  and  ground. 

¥-!¥  Connection.  The  impedance  of  the  transformers  to  currents 
due  to  induction  from  low-voltage  circuits,  is  low.  The  readings  of 
,  neutral  voltage  and  current  are  apparently  mostly  induction  from  low 
voltaige  circuits,  except  that  there  is  appreciable  neutral  current  due  to 
the  transformers,  with  the  far  end  of  the  line  grounded. 

D-T  Connection.  With  the  far  end  of  the  line  isolated  the  current 
in  the  neutral  caused  by  induction  from  low-voltage  circuits  is  nearly 
eQual  to  the  neutral  current  with  the  transformers  energized.  The 
neutral  current,  mostly  third  harmonic,  is  appreciable  with  the  far  end 
of  the  line  grounded,  and  the  induced  current  from  low-voltage  circuits, 
which  is  apparently  chiefly  due  to  electrostatic  induction,  is  halved. 

D-IT  Connection.  There  is  a  large  neutral  current  with  the  far  end 
of  the  line  grounded.  The  neutral  voltage  is  appreciable.  With  the 
ftir  end  of  the  line  open,  only  the  induction  from  low-voltage  circuits 
ia  observable,  which  is  halved  by  grounding  the  far  end  of  the  line. 

Comparuon  of  the  Differmt  Methods  of  Connection. 

The  T-T  connection  affords  no  path  for  triple  frequency  magnetizing 
current  except  through  the  admittance  of  neutral  and  line  to  ground, 
80  the  largfe  triple  harmonic  neutral  voltage,  and  large  neutral  current 
■'  with  line  and  secondary  neutral  grounded,  are  Jo  be  expected. 

The  Y-IY  connection  eliminates  the  triples  in  the  secondary  line  to 
neutral  e.  m.  fs.  by  causing  neutralizing  triple  harmonic  e.  m.  fs.  to  be 
generated  in  the  two  halves  of  each  interconnected  winding.  With  equal 
impressed  voltages  120°  apart  in  phase,  identical  transformers,  no  mag- 
'  netic  leakage  between  the  halves  of  the  secondary  winding  of  each 
transformer  and  balanced  load,  this  neutralinttion  would  be  perfect; 
that  is,  the  e.  m.  f.  from  line  to  neutral  would  have  no  triple  harmonics, 
and  no  triple  harmonic  residual  current  would  flow  with  the  secondary 
neutral  grounded.  The  effect,  therefore,  is  the  same  as  would  be 
obtained  with  a  primary  delta,  of  zero  impedance  to  the  triple  harmonic 
circulating  current. 

The  D-Y  connection  allows  the  triple  frequency  magnetizing  current 
to  circulate  in  the  primary,  hence  the  induced  triple  harmonic  e.m.  ta. 
between  secondary  line  and  neutral  are  only  as  large  as  required  to  force 
the  current  through  the  impedance  of  the  primary  windings.  Therefore, 
if.  H8  in  the  present  tests,  the  delta  comprises  the  whole  primary  winding 


of  the  transfoTmer,  the  Gircnlating  current  largely  eliminates  residual 
voltage  and  current  on  the  secondary  side.  When  the  line  and  aeoondary 
nentral  are  grounded  a  second  path  for  the  triple  frequency  current 
is  provided  in  parallel  with  the  primary  delta,  and  the  current  therefore 
di'vides  between  them. 

The  D-IT  winding  is  intended  to  neutralize  in  the  interconnected 
secondary  windings  the  triple  harmonic  voltage  required  by  the  primary 
delta  circulating  current,  thus  eliminating  the  triple  harmonic  potential 
between  line?  and  ground  on  the  secondary  side.  It  sbonld  be  noted  that 
the  interconnection  has  the  effect  of  open-circuiting  the  secondary  wind- 
ing of  each  transformer  to  the  triple  harmonies  originating  in  the  trans- 
former. In  the  tests  here  reported  a  lat^r  third  harmonic  neutral 
current  was  observed  with  D-IY  connection  than  with  the  T-IY 
connection,  when  the  secondary  neutral  and  the  far  end  of  the  line 
were  grounded.  This  is  eoatrary  to  expeotation  and  ia  a  pftint  which 
needs  further  investigation. 

In  Table  III  ore  dtown  osoillograms  of  neutral  ourrent  for  45%  T-Y 
and  46%  T-IY  connections.  The  eSeotivoieBS  of  the  interconnected-star 
■eeoudacy  is  shown  by  a  comparison  of  the  3d,  9th  and  15th  harmonies, 
under  the  two  conditiona. 

The  D-Y  and  D-IY  connections  with  far  end  of  the  line  open,  can  not 
be  compared  from  the  data  of  these  tests  as  the  induction  frran  low- 
Tolta^  ciradts  masks  the  other  effects.  With  the  far  end  of  the  line 
groonded  the  nentral  voltage  and  nentral  current  are  apparently  very 
mneh  greater  with  the  D-IY  connection  as  has  been  noted  above. 

In  order  to  compare  the  Y-Y  and  D-Y  connections  it  ia  necessary  to 
have  the  voltage  across  the  transformers  the  same.  This  is  approxi- 
mately true  when'the  50%  Y<Y  connection  is  compared  with  the  90% 

90% 

D-Y   connection   since  =  52%.     The  very   great   efEeet   on   the 

V5 

neutral  cnrrent  of  changing  the  primary  winding  firom  star  to  delta  is 
shown  by  the  oscillograms  in  Table  IV. 
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'  The  neutral  current  is  Bmall  wheu  the  Y-IY,  D-Y  andD-IY  eodnec- 
tions  are  used  (see  Table  III),  particularly  with  t^e  far  end  of  tlie  line 
isolated.  Accurate  comparisons,  therefore,  can  not  foe  made,  on  aoooiBit 
of  the  masking  effects  of  induction  from  low-voltage  cirouits,  and  posoble 
changes  in  the  impreased  voltage. 

B.   TEffTB  "With  TBANSpoEMOt  Secondakos  Disconkeojmd  Pbom  Lihb. 

In  order  to  further  determine  the  extent  to  which  the  third  harmonic 
is  suppressed,  oscillograms  were  made  of  the  delta  circulating  current, 
the  transformers  being  connected  in  I>-D,  D-ID,  Y-D,  Y-ID. 

Both  90%  and  100%  cdnneetions  were  used,on  the  primary  side. 

In  this  series  of  tests  the  circulating  current  in  the  secondary  drita 
is  used  to  indicate  the  effectiveness  of  interconnected  secondary  windings 
and  delta  primary  windings  in  neutralizing  or  suppjreasing  inijiieed 
triple  harmonic  voltages.  The  circulating  onrrent  thus  corresponds  to 
'  the  neutral  lairrent  in  tiie  tests  with  star-connected  secondairies  and  load. 
The  measurements  are  free  from  the  induction  experienced  in  the  tests 
with  the  Santa  Cniz-Watsonville  line  connected  to  the  secondary  of  the 
transformer  bank.  It  should  be  noted  that  the  mid-points  of  the  several 
phases  of  the  interconnected-delta  are  at  a  conunon  potential,  when  the 
impressed  voltages  are  equal  and  120°  apart  in  phase  and  the  trans- 
formers identical.  Connecting  the  midpoints  together,  however,  results 
in  a  star  windii^  with  the  two  halves  of  the  secondary  winding  of  each 
transformer  in  parallel.  So,  while  there  is  with  this  eonnectioQ  a 
"neutral"  the  triple  harmonic  voltage  across  one-half  the  secondary 
winding  is  impressed  between  each  line  and  this  neutral. 
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In  Table  V  are  given  oscillograms  of  circulating  current  for  the 
several  connections,  with  100%  and  90%  high-voltage  nindings.  The 
effectireaeBB  ot  the  interconnection  of  windings  in  suppreBsing  the  third 
harmonic  circulating  current  is  evident.  With  the  interconnection  the 
eircnlating  current  ia  5  to  10  %  of  the  current  with  straight  delta 
connection. 


100%  winding  on  primurj  ald«  ot  transformera. 

Om*  OJXS  0.063  0.014 

•  •  •.  0.007 

0J7  ojttis  0.17  omo 

ojns  •  '  oxno  Ojus 


90%  windlne  on  prlmur  side  of  tranBlormen. 

0.016                —                   OjOS  0^022 

•            —                 •  aoos 

0.15                   —                    O-M  QSOO 

0.0OS            —              om  ojooR 


The  90%  connection  shows  considerable  increase  in  circulating  car- 
rent,  compared  to  the  100%  connection,  with  the  high-voltage  windings 
in  delta. 

In  Table  VI  are  given  some  values  of  the  voltage  from  the  line  connec- 
tion to  the  neutral  and  from  the  neutral  to  ground  on  the  secondary 
side  of  the  transformers.  The  transformers  were  not  connected  to  any 
line  or  load  on  the  eecoodary  side.  In  the'T-T  connection  there  is  a 
lai^  third  harmonic  voltage  from  line  to  neutral,  which  is  practically 
eliminated  when  the  T-rf,  D-T,  D-IY  or  D-D  connection  is  used.  The 
effectiveness  of  the  delta  connection  of  the  primary  in  eliminating  triple 
harmonics  in  the  secondary  neutral  voltage  to  ground  is  strikingly 
shown.  The  fundamental  is  also  much  reduced.  "With  Y-T  connec- 
tion, the  third  harmonic  of  the  voltage  from  neutral  to  ground  is 
approximately  the  same  with  no  connection'  to  the  secondaries  of  the 
transformers  as  when  the  Watsonvjlle  line  is  connected,  OoOqIc 
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TABLE   VI. 
idlns  on  prliiiBT7  side  ol  translonDerB. 


TolH-UdilDB«tnl 

■• 

o 

T-Y 

T-IT 

D-T 

D-IT 

D-ID 

T-T 

T-IT 

D-T 

IWT 

6G0 

510 

9G0 

uo 

4W 

40 

SO 

10 

t 

380 

10 

10 

980 

980 

t  . 

» 

■    t 

10 

10 

10 

30 

10 

t 

S 

s 

10 

10 

• 

• 

SO 

95 

11 

5 

10 

7 

7 

S 

IB 

10 

a) 

0 

13 

IS 

3 

5 

17 

• 

■    • 

• 

• 

Ok.  No. 

ept 

ese 

ass 

m 

6G1 

6H 

«a» 

:  089 

«70 

Even  harmonics  were  found  in  several  of  the  oecillogratna  of  the  delta 
circulating  current.^  Tkeir  source  is  not  uuderstood.  Even  harmonics 
were  also  noticed  jn  the  voltage  between  neutral  and  ground  in  tests 
made  with  Y-T  and  T-IT  connections.  r 

ConclvMona. 

1.  With  T-T  connection  the  triple  harmonics  in  residual  voltage  and 
current  increase  as  the  ma^etic  density  in  the  transformers  is  increased. 
The  increase  in  the  ninth  harmonic,  when  the  transfonUersj  connected 
in  T-T,  are  over-excited,  is  very  rapid. 

.2.  Under  the  conditions  of  these  tests  with  the  line  side  of  the  trans- 
fonnera  connected  in  grounded  star,  grounding  the  far  end  of  the  line 
increases  the  flow  of  triple  harmonic  neutral  current,  particularly  wben 
the  primary  is  star-connected.  The  triple  harmonic  residual  voltage  is 
decreased.  In  general,  these  effects  depend  upon  the  character  of  tha 
load  and  the  length  of  the  line. 

3.  Isolating  the  neutral  on  the  line  side  of  a  T-Y  connected  bank 
of  transformers  practically  eliminates  the  third  harmonic  residual  volt- 
age impressed  on  the  line  by  such  transformers  with  this  neutral 
grounded;  assuming  the  admittance  to  ground  of  the  transmission  line 
to  be  very  large  compared  to  the  admittance  to  ground  of  the  trans- 
former neutral,  which  may  be  said  to  be  true,  Jn  general,  of  practical 
cases.  When  isolated,  the  neutral  pulsates  at  a  third  harmonic  voltage 
ahove  ground  approximately  equal  to  the  full  third  harmonic  e.  m.  f. 
induced  in  the  windings. 
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4.  The  use  of  a  straight  delta  winding  on  the  station  side,  or  an  inter- 
connected-star  winding  on  the  line  side  of  a  transformer  bank,  nearly 
eliminates  the  triple  harmonic  residuals  due  to  such  transformers, 
observed  with  the  Y-Y  connection  with  grounded  neutral  on  the  line 
side. 

5.  The  trl|rfe  harmonic  circulating  current  in  a  delta  winding  can  be 
nearly  eliminated  by  using  the  interconneeted-delta.  Over-excitation 
markedly  increases  the  circulating  current  with  both  delta  and  inter- 
oonnected-delta  windings.  The  use  of  an  intereonnected-delta  winding 
is  approximately  equivalent  to  an  isolated  star  connection  in  bo  far  as 
the  triple  harmonies  are  concerned,  and  therefore '  tends  to  produce 
relatively  large  triple  harmonic  residuals,  if  the.  line  side  of  the,  trans- 
former bank  is  connected  in  grounded  star.   . 

6.  The  magnitude  of  tiie  balanced  isolated  load  on  the  transformers 
has  no  appreciable  effect  on  the  triple  harmonic  residuals  arising  within 
such  transformers. 

7.  The  effective  nse  of  interconnected  windings  requires  that  the 
impedances  of  all  the  half-windings  on  the  interconnected  sidles  of  the 
transformers  be  equal,  and  that  magnetic  leakage  between  ^alvea  of 
transformer  windings  on  the  interconnected  side  be  small. 

8.  The  results  of  this  test  indicate  that  further  inveetigatton  is  neces- 
sary" in  order  to  determine  the  relative  merits  of  the  D-T,  Y-IY  and 
D-IY  connections  as  means  of  suppressing  the  triple  harmonic  jresiduals 
arising  from  a  grounded  neutral  bank  of  transformers. 

Respeetfully  submitted.  ' 

(Signed)     J.  E.  WooDBamoE, 
Chairman  Subcommittee  on  Tests. 

IH  FILES  OP  TSM  JoiHT  CoHiaTTB!  OsdllogTamH :  Nob.  603,  604,  406,  aOT,  606, 
609,  610,  612,  613,  622,  623,  627,  Bi&,  633,  634,  63%  638,  951,  056,  657,  658,  6S», 
aea  661,  662,  663,  664v  660,  670. 

Attacbkd  :  p.  I.  C  Noa.  211  aod  212. 
*eM  Teclmical  Report  Mo.  60. 
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latrodantioB, 

Tlie  Tolt^es  to  ground  of  the  Beveral  conductors  of  power  ciMuita 
iLsving  no  metallio  connection  to  ground  are  determined  by  the  voltages 
between  conductors  and  by  the  self  and  mutual  admittances  of  the 
conductors.  Unbalances  among  the  eorj-esponding  admittances  of  the 
sevenil  conductors,  in  general,  cause  their  voltages  to  ground  to  be 
unbalanced,  even  though  the  Toltagss  betweei^  con^uctor^  ai%  balanced. 
A  re«daal  voltage,  defined  as  the  vector  sum  of  the  voltages  to  ground 
of  the  several  conductors,  is  therein  created.  The  residual  voltage  of 
power  circuits  isolated  from  ground  is  t^ras  determined  by  line  unbal- 
ances as  distinguished  from  unbalanced  loads  and  transformer  connee- 
tioiM.  Presented  herein  are  the  results  of  theoretical  and  es^k^-imcntal 
investigationa  of  different  fact<«Fa  which  affect  the  line  unbalanee  of 
power  circuits,  inelading  circuit  configuration,  transpositions,  frequency 
and  leakage.    Formulas  and  data  of  general  applicability  are  given. 

Sbction  I, 
THEORETICAL. 
1.  Short  UtMS. 

A — ^Dehnitions. 

The  term  "short  line"  is  here  applied  to  a  line  which  is  short  com- 
pared to  a  wave-length  for  a  given  frequency  i  say  one  twentieth  wave- 
lei^th  or  less.  For  such  a  line  the  effects  of  phase-change  and  atten- 
tatioD  may  be  neglected  and  the  line  treated  as  if  the  capacitances  were 
Inmped  at  the  sending  end;  conductances  are  neglected. 

The  residual  voltage  of  a  short  uniform  nontransposed  power  circuit 
when  isolated  from  ground,  and  enei^zed  with  balanced  three-phase 
voltages  brtween  conductors,  is  termed  herein  its  "characteristic 
residual  voltage"  (Ebc)- 

B — ^Dbbivation  of  Fcmhuias. 
Ctmsider  an  electrical  system  of  three  conductors  isolated  from 
ground,  and  let  En,  E,,  and  E„  be  the  potential  differences  between 
pairs  of  conductors  designated  by  the  subscripts.  Let  V,.  V,  and  V,  be 
the  potentials  of  conductors  1,  2  and  3,  re^ectively,  referred  to  ground. 
Then: 

E„  =  —V,  -f  V, 


-vj 


E«==      —  v.  +  y,^  (1) 
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The  following  equations*  express  the  electric  charges  of  the  am- 
doctors  in  terma  of  the  potentials : 


Q  ,=  K„V.  +  K„V,  +  K,,V,  \  (2) 

Q,  =  K„V,  +  K„V,  +  K„VJ 

9 

3.  +  Q.  =  0„T,  +  0,.v,-|. 

C,.  =  K„  +  K„  +  K.,l 

c„  =  k„.+k,.  +  kJ 


Summing  the  charges 

Q>  +  Q.  +  Q.  =  0„V,  +  0,.V,  +  0,.V,  (3) 


C„,  Cjo  and  Cso  are  the  direct  capacitances  to  ground  of  conductora  1, 
2  and  3,  respectively.    Since  the  system  is  isolated  from  ground : 

Q.  +  Q.  +  Q.  =  o  (« 

Solving  for  V„  V,  and  Vj  from  equations  (1),  (3)  and  (4)  the  following 
expressions  are  obtained : 

V,  = 

C.A.  — 0,.E„ 


C„(E„  +  E„)  +  C„E„ 


(5) 


The  reeidual  voltage  Er  is  the  sum  of  the  three  voltages  to  ground,  or 

0„(2E„+E„)+0,.<"i.— »,,)+C„(— B„— an,,)  . 
B,=V,+V,+V,= , , -^       (6) 

o„+c,.+c„ 
For  balanced  three-phase  voltages  between  conductors,  let 

E„  =  E„{-i  +  j}v3)  m 

Substituting  this  value  in  equation  (6)  the  residual  voltage  is 

3(0„  —  C.)  +  j  VS(C,.  +  C„  —  20„) 

Ea  =  E„ (8) 

2(0,.  +  C„  +  C„) 
which  is  the  ch&racteriatiG  residual  voltage  of  a  tmiform  nontransposed 
line. 

'Following  Clerk-Maxwell. 
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The  residaal  voltage  may  also  be  obtained  in  temis  of  the  balanced 
T<dtage8  to  grocnd  and  the  ratio  ot  "lesidual  capacitance"  (gotten  by 
oombining  the  three  direct  capacitances  in  120°  relation)  to  the  capaci- 
tance to  ground  of  the  three  in  parallel. 

Let  the  balanced  component  of  the  voltage  of  condactor  No.  1  to 
gronnd  be 

E  =  je—  (9) 

There  e  is  an  operator  denoting  rotation  eonnter-dockwise  through 
120°  or 

e  =  — }  +  iiV5 
Since  balanced  voltages  between  conductora  are  asaumed  the  voltages  to 
ground  consist  of  balanced  and  residual  componenta  only  and 

Bs  Sr  Er 

V,  =  EH ,    V,  =  eE-| ,    V,=  e"EH (11) 

3  3  3 

Snbetituting  the  values  of  V„  V,  and  V,  as  above  defined  in  eqaa- 
tion  (3) : 

<J.+Q.+<J.=(G„+0„+O..) KC„+eC„+e'0„)E     (12) 

8 

Sinee  the  system  is  isolated  from  ground 

Q,  +  Q,  +  Q.  =  o 

and 

Cio  +  eC„  +  e'C.o 

Eb  =  — 3E (13) 

C..  +  C^  +  C,. 

which  is  the  characteristic  residual  voltage  of  a  uniform  oontranspoeed 
Une. 

If  the  value  of  E  in  terms  of  E,,,  and  that  of  e  as  defined  by  equation 
(10)  be  substituted  in  equation  (13),  equsrt^ion  (ft)  may  be  obtained. 

To  calculate  the  direct  capacitances,  Cio,  C^g  and  G,„  it  ia  necessary 
to  express  them  in  termb  of  potential  coefficients,  which  may  be  readily 
compnted  in  terms  of  the  dimensioos.  The  potential  coefficients  are 
the  ooeffieients  of  the  charges  in  a  system  of  equations  expressing  the 
voltages  in  tenus  of  the  charges.  Tbey  are  designated  by  the  letter  P 
with  two  subscripts,  one  corresponding  to  the  charge  and  the  other  to 
the  potential.  The  methods  of  computation  of  the  direct  capacitances 
in  terms  of  the  potential  coefficients  and  of  the  poleutiat  coefflcimts  in 
terms  of  tbe  dimensions  are  given  in  Appendix  I. 
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When  conductora  1  and  3  are  in  the  same  horizontal  plane,  conductor 
2  equidistant  from  them  and  all  are  the  same  size,  in  considerable  sim- 
pliflcation  reaulta.  The  residual  voltage  may  then  be  expressed  directly 
in  terms  of  the  potential  coefficients  as  follows : 

(p,.+p„)-(p„+p>.) 

Eb  = (E„  — E„)  (14) 

P„  +  2P„  +  P„  —  4P„ 

and  for  balanced  three-phase  voltages  between  conductors  the  charac- 
leristic  residual  voltage  is 

(P«  +  P„)-(P„  +  P.,)    3 

E.c  =  B„ (|-jJVI)  (15) 

P„  +  2P„  +  P„  —  4P„     ^ 

If  the  ground  is  at  an  infinite  distance,  formula  (15)  becomes 
log  — 


I    2   ' 

log- 


(16) 


r„r*„ 


where  r„  and  r„  are  the  distances  between  the  conductors  designated 
by  the  subscripts  and  r,i  is  the  radius  of  the  conductors.  (See 
Appendix  I.) 

If  the  three  conductors  are  in  the  same  plane,  No.  2  being  equidistant 
from  Nos.  1  and  3,  formula  (16)  reduces  to 

0.1738 

Erc  =  E,, ■- (17)     - 

r„ 
log,, 01003 

or  very  closely 


0.1  vs 


log;o 0.1 


(18) 


This  is  thfl  limiting  value  of  the  characteristic  residual  voltage  of  ^m- 
'  metrical  luinsontal  or  vertieal  lines  aa  the  height  of  the  conduotois  is 

incrflBBed.  f  For  «ymnietrieal  horiKontal  lines  when  the  height-  aJtove 
:  ground  exoeeds  three  times  the  iwidth  of  the  circuit  the  error  involved 

by  using  formula  (18)  is  leas  than  2  per  test*- 
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Formtilas  for  compating  the  residasl  Toltnge  of  a  three-aoadnotor 
BTBtem  fnmi  the  physieal  dimenraotuf  are  given  on  dr&wii^  No:  273^ 
atta^ed. 

Formnlas  (6)  and  (8),  as  given  aboye  for  single-oireuit  lines,  inajr  bfi 
applied  also  to  twhi-circait  lines  operated  in  parallel  if  in6t«ad  of  'C,o, 
C^  and  Cjo  (the  direct  capacitances  of  the  three  condoctors)  the  BiuBhs 
of  the  direct  capacitances  of  the  paralleled  condnatora  are  used.  Tb^ 
rendaal  Toltage  so  derived  is  the  som  of  the  three  and  not  of  the  six 
voltages  and  thus  is  the  residnal  voltage  of  each  circuit.  When  the 
two  circnits  are  Bymmetrically  placed  with  respect  to  an  intermediate 
plane  perpendicular  to  the  earth's  surface  the  direct  capacitances  of 
eorresponding  condnctors  are  equal.  If  corresponding  conductors  are 
eonn£cted  together,  the  formula  for  the  residtial  voltages  of  a  twiu- 
eirciiit  line  is  the  same  as  for  a  single-circuit  line,  except  that  aceoimt 
most  be  taken  of  the  presence  of  all  six  wires  in  computing  the  direct 
cqudtsnces.  The  method  of  computing  the  capacitance  coefQcienta  o{ 
twin-circuit  lines  is  given  in  Appendix  I. 

Formnlas  (6)  and  (8)  may  be  applied  to  the  computation  of  residual 
voltage  of  lines  with  ground  wires,  provided  that  in  place  of  the  direct 
capacitance  to  ground,  the  sum  for  each  condnctor  of  the  direct  cai>aei- 
tanee  to  ground  and  the  direct  capacitance  to  the  ground  wire  is  used. 
The  method  of  computing  these  sums  is  given  in  Appendix  I. 

For  a  line  having  conductors  1  and  3  of  the  same  diameter,  in  the 
same  horizontal  plane;  halving  conductor  2. and  a  ground  wire  (4)  in 
a  vertical  plane  midway  between  1  and  3,  the  residual  voltage  is  given 
in  terms  of  the  potential  coefficients  by  the  following  expression: 

P.<(P«— Pii— Pu+Pii)+(l*i.— Is.)  <2PM+P«) 

E«  = ■ (El.— EV.)  (19) 

P«  (Pi.+ZP-'+P-*— 4P")— 2(Pi*-P<0' 

or  for  balanced  three-phase  voltages  between  ooaduetors! 

p«{P..-pi.— Pi.+P..)-|-(Pi.-P«)(2Pi.+P») 

B«.  = ~ (t  -JiV5)B«    (20) 

P«(Pii+2P.t+Pi»— IPn)— 2(Pii--P.O' 

For  a  two-conductor  line  the  expression  for  residual  voltage,  in  ter;ns 
of  the  direct  capacitances,  is, 

C,o  —  C„- 
Eb  =  E., (21). 

or  in  terms  of  the  potential  coefficients ; 

Pn  — P« 

Eb  =  Bi, 


P^^_|-Pj,_2P„ 
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In  gmeral,  the  residual  voltage  is  equal  to  zero  when  the  direct 
CBpacitanees  to  groond  of  the  conductors  are  equal.  With  such  a  con- 
dition the  residaal  voltage  will  be  zero  irrespective  of  the  relative 
magnitudes  or  phases  of  the  voltages  between  condactors.  In  terms 
of  the  potential  coefSeients  for  a  three-conductor  ^^em  and  ground 
the  residual  voltage  is 

=H=(P.i+P»+i'i3)<Ji+(P..+i'M+PM)'a,+  {Pi.+i'«+PM)Q.         (23) 
Q.  +  Q,  +  Q.  =  0  (24) 

Since  the  potential  coefficients  are  all  positive  numhers  and  not  vector 
quantities,  Er  can  not  be  equal  to  zero  except  that  the  coefficients  of 
the  Q's  be  equal ;  that  is, 

(Pii  +  P»  +  P«)  =  (P«  +  P«  +  P«)  =  (Pi.  +  P«  +  P,,)      "(25) 

For  tionductors  whose  spacings  are  large  compared  to  their  diameters 
and  whose  lengths  are  large  compared  to  their  spacings  this  formula 
teineea  to 

.s„s„      s,,s„ 

,      '     .  V     ,S„S„      S„S„ 

r„rjj        'urii 


where'  S,,,  Su,  etc.,  are  the  distances  from  the  conductors  denoted  by 
the  first  subscripts  to  the  images  of  the  conductors  denoted  by  the 
second;  r,j,  r,s,  etc.,  are  the  distances  between  the  conductors  denoted 
by  the  subscripts;  and  t^^,  r,i,  r„  are  the  radii  of  the  conductors.  If 
aU  the  conductors  have  the  same  diameter 

I'll  =  •■»»  ^  rjs 
and  the  condition  for  zero  residual  voltage  is  therefore  independent  of 
the  ictualdiameter. 

For  a  line  having  three  conductors  of  equal  size,  1  and  3  in  the  seme 
horizontal  plane,  and  conductor  2  equidistant  from  them,  the  condition 
for  zero  residual  voltage  reduces  to   . 

P,j  +  p2.  =  P,i  +  Pii  (27) 

or 

s„s„      s,,s„ 
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The  condition  for  zero  residxial  voltage,  that  the  direct  c&pacitancea 
of  the  several  conductors  be  equal,  may  be  attained  by  transposing  the 
One  so  that  each  eondaetor  occupies  each  of  the  several  conductor  posi- 
tions for  equal  lengths. 

When  the  voltages  between  conductors  are  equal  in  magnitude  and 
120°  apart  in  phase,  if  the  transpositions  are  not  spaced  so  as  to  fulfill 
the  above  condition,  the  residual  voltage  as  couipared  to  the  character- 
istic residual  voltage  is  the  ratio  of  the  unbalanced  length  to  the  tot^ 
length  of  the  line.  In  computing  the  unbalanced  length,  the  lengths 
of  line  between  Buocesstve  transposition*  are  added  veetQ^ially  in  120° 
relation  in  the  same  manner  .that  the  length  of  unbalAnead  ex.posure  for 
induction  from  balanced  components  in  a  uniform  parallel  of  power 
and  communication  circuits  is  computed. 

Consider  a  line  of  length  3  -f-  ^  +  7  having  two  tranapositrooa  divid- 
ing the  line  into  lengths  1,  1 -)- x  and  1-f-y.  Let  the  direct  capaci- 
tances for  each  conductor  per  unit  length  be  0,(„  C„  and  C,^,  rasped- 
tiv^.     Then  the  total  direct  capacitances  of  the  several  conductors  are : 

C„+(i  +  »)C,,+  (i-h,y)c„=C,'J    ,. 

C„  +  (1  +  x)C„  +  (1  +  y)C,,=  C'J  (29) 

c„+{i-i-x)c«+{i  +  y)c,<,=cg      ■   ■' 

Substituting  these  values  o£  C',„,  C'„iaiKl  C',o  fo"?  C!„,  C„  and  C^, 
respectiTcly,  in  equation  (13)  ■  , .  '    :    . 

C„  +  eC„  +  e»C,o      l  +  e*{l-fx)  -f  ■e(l  +  y) 


Cio+Cjo  +  C.,,  ,  3  +  x  +  y  ■ 

■     l.  +  e«(i  +  x)-|-e(l  +  y)'  ■ 


^  (30) 


3  +  x  +  y 

-i(*  +  y)+J4V3(y-,K) 

Er=Erc . -.  (32) 

When  the  line  is  transposed  a  residual  current  is  set  up  between  sec- 
iiODs  separated  by  tranepositionfi.  The  eurrent  required  for  a  section 
of  length  L  is  equal  to  the  product  of  one-third  the  difference  between 
the  actual  residual  voltage  and  the  characteristic  residual  voltage,  and 
the  admittance  to  ground,  for  the  length  L,  of  the  several  conductors 
of  the  circuit  in  paralleL 
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■    From  ecplatioQ  (12) 

Q.+Q>-f-Q.=y3C3E _+E.)(C,,+C„+C,o)     (33) 

or  substituting  Esc  from  equation  (13) 

Q,  +  Q,  +  Q.'=>i(EB— EHa)(C,«  +  C„  +  C„)        (34) 
hence 

I.-=^(Be-E«c)Y,„^  (35) 

■where  T,gj_o  is  the  admittaiiee  to  ground  of  the  conductors  of  the  circuit 
in  parallel  and  is  determined  by  the  equation 

Y,„.,  =  J2,f(Cio  +  C„  +  C„)L  (36) 

where  L  ia  the  length  of  the  section  and  £  U  the  frequency. 

If  the  line  is  BymmetTically  transposed  so  that  the  reBidual  voltage 
ia  aero,  the  reaidaal  curreot  supplied  to  one  section  is 

lR  =  ysERoT„^o  (37) 

For  successiye  sections  separated  by  transpoutiom  the  term  Er  of 
equation  (35)  is  constant  and  Enc  changes  in  phase  by  120°.  Com- 
mencing at  one  of  the  terminals  of  the  circuit  where  the  residual  current 
is  zero,  the  residual  current  at  any  point  may  be  found  by  adding  vec- 
torially  the  currents  required  ,by  the  various  sections  of  line  up  to  that 
point.  Thus,  ijt  the  line  is  symmetrically  transposed,  the  current  at  the 
intermediate  transposition  points  of  the  barrels  is  given  by  equation  (37) , 
YiM-o  being  the  admittance  per  one-third  barreL  At  junction  points  of 
successive  barrel  lengths  the  residual  current  is  zero. 

In  general,  if  balanced  voltages  ta  ground  be  supplied,  by  grounding 
the  neutral  of  the  generator  or  supply  bank  of  tranafdrmers,  a  residual 
current  due  to  line  unbalance  is  reqnired.  For  a  nontranaposed  line  this 
current  is  given  by  the  equation  (37),  where  T,„_o  is  the  admittance  to 
ground  for  the  whole  length'  of  the  line.  If  the  line  is  transposed  this 
residual  current  is  the  product  of  that  required  for  the  nontrsnsposed 
line  and  the  fractional  length  of  unbalance,  or  the  product  of  one-third 
the  residual  voltage,  which  would  ixiet  were  the  line  isolated  from 
ground,  and  the  admittance  to  ground  of  the  conductors  of  the  circuit 
in  parallel. 

The  conditions  for  zero  residual  voltage  of  donble-cironit  lines  are 
fulfilled' if  each  circilit  is  so  transposed  that  it  would  be  balanced  were 
the  other  circuit  not  present.  Thus  the  two  cirtniits  may  be  transposed 
at  the  same  or  different  points  and  operated  independently  or  in 
parallel.  In  case  of  branch  lines  where  one  circuit  is  continued  and  not 
the  other  or  if  the  spacing  of  the  two  circuits  is  changed,  the  transpo- 
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dtions  should  be  so  spaced  that  balance  is  obtained  in  each  section 
independently  of  the  others.  In  general,  when  the  two  circuits  are  both 
transposed  as  above  indicated,  one  circuit  induces  balanced  three-phase 
and  STDgte-phase  Tohages  in  the  other  and,  when  not  transposed,  residual 
voltages  as  well.  If  the  two  are  transposed  at  the  same  points,  balanced 
voltages  only  are  induced.  The  magnitude  of  the  induced  balanced  volt- 
ages is  the  same  irrespective  of  whether  the  two  cireuits  ace.  tistw- 
posed  in  the  same  or  opposite  directions.  It  may  be  noted  that  hj  plaeing 
complete  barrels  in  one  circuit  opposite  thirds  of  barreUin  the  other, 
the  induced  balanced  and  single-phase  voltages  are  reduced  to  Kero. 

To  moat  Affectively  reduce  the  residual  voltages  and  currents  of.twis 
isolated  circuits  which  are  operated  in  parallel,  they  should  be  trans- 
posed at  the  same  points  and  care  taken  to  secure  the  conditign  for 
miTiiftiiin^  characteristic  residual  voltage  in  each  section  of  line  between 
ttanspoaition  points.  This  involves  the  treatment  of  pairs  of  conductors 
of  the  same  phase  aa  units  and  transposing  so  that  eaeh  -pair  occupies 
the  three  pairs  of  conductor  positions  for  equal  distances.  To  accom- 
plish this  in  case  the  sequence  of  phases  of  the  two  circuits  is  different, 
on  going  around  the  configurations  in  the  same  direction,  it  is  necessary 
that  the  two  be  transposed  in  opposite  directions. 

C — ^APPUOA'nON  OP  FOBMUIiAS, 

The  formnlaa  above  derived  have  bpcn  used  to  study  thevariAtion 
of  cbaracteristip  residual  voltage  of  single  circuits  with  the  relative 
position,  spacing,  size  aud  height  of  conductors  and  position  of  ground 
wire.  Several  cases  of  twin  circuits  are  considered  and  for  each  the 
characteristic  residual  voltages  for  six  methods  of  connection  for  parallel 
operation  are  pven, 

1.  Single-Circuit  Lines. 
The  computations  were  made  at  two  different  times,  the  methods  of 
attack  being  somewhat  different  for  the  two  series.  The  first  series 
of  computations  was  made  using  actual  dimensions  and  is  partly  covered 
by  the  second  series.  In  the  second  series,  which  is  more  complete,  the 
dimensions  are  expressed  in  terms  of  the  base  of  the  triangle  or  of  the 
spacing  of  outside  conductors  when  all  are  in  the  same  plane.  Since 
the  r^idual  voltage  is  dependent  upon  the  relative  and  not  upon  the 
actual  dimensions,  this  method  is  the  more  advantageous. 
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The  results  of  the  eomputatioDs  are  shown  ^aphically  by  curves  on  the 
drawings  listed  below : 


IflOBceleB  tri angle — . 

Base  liozlzDntal. 

Plat  horizontBl  

Isosceles  trf angle 

Base  vertical. 

l^langle;  base  Tertlcal 
(Utltnde  constant.     . 

Equilateral  triangle  ... 
Base  horizontal. 

,-  Vertex  upvaid. 

Equilateral  tl-Iangle  „ 
'.    Base  borlaontal, 
V^ertex  upward- 

Vertldai  .t.^:.^-.i — 
Flat  horizontal . 

SymmetflcBil. 
Equilateral  triangle  — 

Base  horizontal. 


Altitude  of  triangle... 


=) 


Position  of  vertex  In  a  vertical  plane.. 
Position  of  ground  wire ; , 


Spacing  of  conductors.. 
Height  of  conductors. 
Sisse  of  coBductors. 


SelgUt  of  conductors.. 


In  addition,  drawing  Ntf.  274  shows  the  determination  of  conditions 
for  zero  residual  voltage  of  isosceles-triangle  configurations  and  dra-*ing 
No.  275  gives  relative  values  of  base,  altitude  and  height  6t  isosceles- 
triangle  (ionfi^rations  for  which  the  characteristic  residual  Voltage  is 
■xri^.-  ■      ■    ■ 
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StooHv  Sntin. 


Equilateral  triangle 

Bas«  horizontal. 
Vertex  upward. 

Isosceles  triangle ... 

Base  borlEontal  ^  d. 

Vertex  npward. 

AlllCnde  =  0.<d. 
Eqnilateral  triangle 

Base  vertical. 

Vert  leal 

Flat   horizontal,  symmetilcal 

Flat  horizontal,  nnsymmetrtcBl 

Condoctor  spaclngs,  d,  d/4,  Sd/4. 

Flat  horizontal,  nnsyiiunetrlGsl 

Coudnctor  epaclnga,  d.  dA  2d/3. 

nat  horizontal '. 

Isosceles  triangle  _, 

Base  borfeontaL 
Vertex  upward. 


.  Height  and  size  ot  conductors 


.  Po*it)oh  ot  Inslds  conOnctor.. 
.  Altitude  of  triangle.-^ 


.  Altitude  ot  trlangle.- 


Isosceles  triangle 

Base  horizontal  ^d. 
Vertex  npirard. 
AItitnde=:i:B4. 


.  Height  ol  condnctoTs.. 


Of  the  several  configurations  studied  the  triangular  arrangement  in 
general  gives  the  lowest  characteristic  residual  voltage.  The  configurar  ' 
tions  in  which  all  three  conductors  are  in  the  same  plane  give  the 
largest  values.  With  the  same  ratios  of  height  and  size  to  spacing  of 
ontside  conductors,  the  vertical  configuration  has  a  larger  characteristic 
residual  voltage  than  the  symmetrical  horizontal  and  the  two  approach 
the  same  value  as  the  height  of  conductors  is  increased  without  limit. 
When  the  spacing  of  adjacent  conductors  in  the  horizontal  configuration 
is  made  unequal  the  residual  voltage  is  increased  over  that  of  the 
vertical  and  this  arrangement  gives  rise  to  the  maximum  characteristic 
residual  voltage  found.    The  ranges  of  values  to  be  expected  with  various 
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conSguratioas  are  shown  in  the  following  table,  taken  from  the  curve 
sheets  above  listed.    In  two  cases  single  values  only  are  available : 


Rang«  of  Char 


Equilateral  triatiKle 
Vertical 
Eorlzontal— 
Symmetrical 

Unsymmetrleal 
leoaceleB  triangle — 

Baee  horizontal 

Base  Tertlcat 
"L" 
Inverted  "L" 


It  is  stated,  in  the  Report  of  the  Joint  Committee  to  the  Bailroad 
Otmmiission  dsted  Jcly  7,  1914,  page  28,*  last  paragraph,  in  diwmmaing 
residuals  due  to  line  unbalance,  that  with  a  horizontal  arrangement  of 
conductors  the  capacitances  are  more  nearly  balanced  than  withi  the 
triangular  or  vertical  arrangements.  This  was  baaed  on  the  assumption 
tiiat  equality  of  diet&nees  between  conductors  and  ground  ia  of  more 
importance  than  equality  of  distances  between  condnctors,  whereas  the 
apposite  is  shown  by  the  results  of  these  studies. 

For  all  the  configurations,  increase  in  the  size  of  the  conductor  is 
accompanied  by  an  increase  in  the  characteristic  residual  voltage,  the 
latter  being  approximately  proportional  to  the  i  power  of  the  diameter 
of  the  conductors. 

For  the  equilateral  triangular  configuration,  the  characteristic  resi- 
dual voltage  is  practically  the  same  whether  the  base  of  the  triangle  is 
horizontal,  vertical. or  otherwise;  assuming  a  constant  ratio  of  size  of 
conductora  and  height  of  lowest  conductor  to  the  distance  between  con- 
duetots.  The  characteristic  residual  voltage  decreases  approximately 
inversely  a^  the  height  of  the  conductors  above  ground  and  approaches 
zero  as  the  height  ia  increased  without  limit. 

Por  the  flattened  triangle  (base  horizontal,  ratio  of  altitude  to 
base  =  0.4)  the  characteristic  residual  voltage  is  greater  than  that  of  the 
equilateral  triangle.  It  increases  as  the  height  of  the  conductors  is 
decreased,  not  so  rapidly  as  for  the  equilateral  triangle,  but  much  more 
rapidly  than  for  a  flat  horizontal  line. 

For  the  peaked  triangle  (base  horizontal  and  ratio  of  altitude  to 
base  =  1.25)  there  is  a  value  of  height  of  conductors  within  the  practical 
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range  tor  which  the  chaisoteristJc  re«idiial  voltage  is  sero.  For  changes 
in  height  either  way  tram  this  critical  valua  the  residual  voltage 
iacreases  rather  rapidiy.  This  configuration  was  studied  only  for  one 
size  of  condQctor,  but  it  is  reasonable  to  suppose  that  the  variation  with 
size  of  eooidaetor  follows  practically  the  same  law  as  fof  -  the  otJtcr 
configoratioiis,  which  is  approximately  ^  the  i  power  ot  the  condoctor- 
diameter.  The  vahie  of  height  of  conductors  above  groand  for  zero 
reddual  voltage  is  independent  of  the  size  of  the  c(»idu<!toES> 

Drawings  Nos.  276  and  345  show  the  cfaaracteristio  residual  voltage 
of  an  isosceles  triangle  with  the  baae  horizontal,  as  the.  altitu^  ia 
vaned.  The  residual  voltage  is  a  maximum  when  the  nuddle. conductor 
is  a  little  above  the  plane  of  the  otb«a.  For  ,the  two  cases  shown,  the 
cbanteteristio  remdnal  voltage  is  zero  whan  the  ratio  of  altitude  to  height 
is  1.46  and  1.34,  with  the  middle  eonductor  above,  and  0.60  for  one  case 
(drawing  No.  276)  with  the  middle  conductor  below  the  plane  of  t^e 
otben.  For  increased  height  of  conductors  the  configuratioQ  for  zero 
reeidnil  voltage  approaches  more  nearly  the  equilateral  triangle.  Thia 
is  alM  shown  by  drawing  No.  275  upon  which  are  plotted  the  relatiiHi- 
ships  of  heieht,  base^  and  altitude  of  isoacelas  triang^bs,  the  bases  being 
horisontal,  for  which  the  oharaeteristic  rasidaal  voltage  is  zero.  For  the 
vertex  npward  the  triangles  are  peaked  and  for  vertex  downward  are 
flattened  as  compared  to  the  equilateral  configuration.  The  degree  of 
departure  from  the  equilateral  decreases  as  the  ratio  of  height  of  the 
emdnctors  to  the  base  of  the  triangle  increases. 

On  drawing  No.  278  is  given  a  curve  showing  the  effect  of  a  ground 
wire  on  the  residual  voltage  of  an  equilateral  triangle  with  base  hori- 
zontal and  vertex  upward.  It  is  seen  that  there  are  two  positions  for 
which  the  duraeteristic  residual  voltage  is  zero  and  that  it  varies  rapidly 
as  the  position  of  th«  ground  wire  is  changed.  The  positions  for  zero 
residual  voltage  will  vary  as  the  ratios  of  height  a^  size  to  spacing 
of  eonductoTB  and  the  aize  of  the  ground  wire  are  varied-  In  most  caaee 
they  are  apt  to  be  impractical.  For  the  particular  case  studied  the  two 
poati<Hu  are  (1)  within  tiie  tri^gle  just  above  tbe  (^eutroid  and,  (2) 
above  the  vertex  3,4  times  the  distance  between  conductors.  The  com- 
putaticHJs  were  made  only, for  this  one  set  of  dimensions. 

For  the  horizontal  configurations  the  height  of  conductors  is  eompara- 
tivdy  an  ummpartant  factor,  particularly  for  ratios  of  height  to  spacing 
of  ontgide  conductors  equal  to  three  or  greater,  which  includes  most 
practical  cases.  The  charactenstic  residual  volt^e  inereascB  sli^tly 
as  ttie  height  of  the  conductor  increases  and  approaches  a  definite 
value  if  the  height  of  conductors  is  increased'  without  Kinit: 

The  cttaraerteristie  reEridual  voltage  of  the  vertical  Une  decreases  as  the 
height  above  ground  is  inereased,  the  limiting  value  approached  being 
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the  same  as  thAt  of  the  symmetrieal  horiEontal  line  for  t4ie  saine  ratio 
of  size  to  spacing  of  eonductora.  Drawing  No.  300  affords  a  graphical 
comparison  of  the  vertical,  symmetrical  horizontal,  and  «qailateral 
triangular  configurations  for  varying  height  of  conductors. 

On  drawings  Nos.  277  and  346  are  shown  curves  of  the  variation  of 
characteristic  residtial  voltage  for  an  iaoscelee  triangle,  with  base  vertical, 
as  the  altitude  ia  varied.  This  corresponds  to  the  "wishbone"  configura- 
tion. The  residual  voltage  deereaaes  from  the  value  for  vertical  con- 
figuration to  a  minimum  when  the  triangle  is  equilateral  and  then 
itiereases  gradually. 

On  drawing  No.  378  is  shown  a  curve  of  variation  of  characteristic 
residual  voltage  for  a  circuit  of  triangular  configuration  with  vertical 
base,  as  the  vertex  of  the  triangle  Is  shifted  vertically  from  the  level 
of  the  lower,  conductor  to  the  level  of  the  upper  conductor.  The  altitude 
of  the  triangle  is  0.866  of  the  base,  making  the  triangle  equilateral  when 
the  vertex  conductor  is  midway  between  the  others.  The  two  points 
of  special  interest  are  the  upper  and  the  lower  limits,  corresponding  to 
"L"  and  inverted  "L"  configurations.  The  residual  voltage  passes 
through  a  minimum  when  the  vertex  conductor  is  midway  between  the 
equilateral  and  the  lower  positions:  The  residua!  voltage  of  the  "L" 
configuration  is  0.8,  and  that  of  the  inverted  "L"  is  2.3  that  of  ihe 
equilateral  triangle.       ■ 

In  comparing  the  various  configurations  with  respect  to  induction 
from  the  characteristic  r^dnal  voltage  into  a  neighboring  circuit,  the 
magnitude  of  the  characteristic  residual  voltage  can  not  be  used  as  an 
exact  criterion.  For  a  given  magnitude  of  characteristic  residnal  voltage 
and  with  neighboring  circuits  in  a  given  position  with  respect  to  the 
power  line  the  resulting  induction  is  appToximately  proportional  to  the 
capfteitance  to  ground  of  the  conductors  of  th«  power  circuit  in  parallel. 
This  vsries  with  the  configuration,  the  vahie  decreasing  as  the  ratio  of 
the  height  to  spaeings  of  the  conductors  is  increased,  and  increasing  as 
the  size  of  the  conductors  is  increased.  This  variation  of  the  capacitance 
of  the  conductors  is  small  compared  to  the  variation  of  the  character 
istic  residual  voltage  with  different  configurations,  the  ratio  of  maximum 
to  minimum  values  likely  to  be  encountered  being  about  2.  Most  cases 
will  agree  much  more  closely.  The  variatioh  of  induction  from  residiial 
voltage  with  the  configuration  is  treated  in  detail  in  Technical  Report 
No.  65. 

2.  Twin-Circuit  Lines. 
For  twin-circnit  lines,  only  a  few  representative  cases  have  been 
cwisidered,  five  of  vertical  configuration,  in  one  of  i^ich  the  middle 
eonductoi^  are  displaced  outward  a  9maU  amount,  and  two  casea  of  equi- 
lateral triangles,  one  having  vertices  upward,  and  the  other,  vertices 
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downward.*  For  each  the  effects  of  sis  different  methods  of  parallel 
operation  were  determiaed.  Diagrams  of  the  configurations  and  parallel 
arrangements,  together  with  the  corresponding  values  of  the  .character- 
istic residual  voltages  and  capacitances  to  ground  of  all  conductors  in 
parallel,  are  given  on  drawing  No,  365. 

For  the  vertical  configurations  the  characteristic  residual  voltage  is 
increased  by  decreasing  the  separation  ot,  the  circuits  except  for  the 
method  of  parallel  operation  giving  the  minimum  values  (No.  4)  in 
which  the  opposite  effect  occurs.  For  three  of  the  methods  of  parallel 
operation  (1, 2,  3)  the  characteristic  residual  voltage  is  greater  than  that 
of  one  of  the  circuits  were  the  other  not  present,  and  for  the  other  three, 
is  less.  The  minimum  value  of  residual  voltage  is  given  by  method 
No^  4,  in  which  the  top  conductors  are  interconnected  and  the  middle  , 
conductor  of  one  circuit  connected  to  the  lowest  conductor  of  the  other. 
This  is  true  for  the  three  height^  of  conductors  and  both  separations  of  . 
circuits. 

When  the  middle  conductor  is  displaced  outward  a  small  amount 
method  No.  4  is  stiU  the  beat,  but  its  superiority  over  the  other  methods 
of  parallel  operation  is  less  than  when  the  three  conductors  of  each  cir* 
cuit  are  in  the  same  vertical  plane.  Four  of  the  twin-circuit  arrange- 
ments  ^ve  lower  values  of  diaractferistic  residual  Voltage  than  a  single ' 
cireuit.  It  should  be  noted  that  a  regular  hexagonal  arrangement  at 
great  height  would  have  zero  residual  voltage  for  any  method  of 
operation. 

For  the  two  triangular  configurations  the  characteristic  residual  volt- 
i^e  is,  except  for  method  No.  4,  less  with  the  vertices  of  the  triangles 
upward  than  with  them  downward.  This  is  particularly  noticeable  in 
the  ease  of  method  No.  2,  which  is  the  best  for  both  configurations.  "With 
the  vertices  downward  the  residual  voltage  is  greater,  for  all  methods 
of  parallel  operation,  than  for  one  of  the  circuits  by  it^eU.;  .-with  the- 
vertices  upward  method  No.  2,  only,  gives  a  value  leas  than  for  the 
aingle-circnit  line. 

For  all  eixifigarationg,  the  residual  voltages  with  methods  Nos.  5  and  6 
are  exactly  one-half  those  of  method  No.  I^  which  latter  gives.the- largest 
values  of  any.  The  ratio  of  this  largest  value  to  the  eorrespondii^ 
siagle-circoit  value  is  about  1.&  for  the  vertical  cases  and  about  10  for 
the  equilateral  triuigles. 

The  largest  value  of  characteristic  residual  voltage,  found  is  about  13 
per  cent,  and  is  nearly  the  same  for  vertical  and  triangular  configu- 
rations. 

For  twin-circuit  lines  the  characteristic  residual  voltage  exists  on 
each  of  the  two  circuits  and  hence  the  induction  in  a  neighboring  eir- 
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ciiit  will  be  greater  than  if  one  of  the  power  eireuitB  only  were  present  . 
with,  the  same  value  of  eharacteristie  residual  voltage.  The  induction 
from  residual  voltages  is  approximately  proportional  to  the  product  of 
the  residual  voltage  per  circuit  and  the  capacitance  to  ground  of  the 
conductors  of  both  power  circuits  in  parallel.  For  the  configurations 
studied  the  capacitance  to  ground  of  the  six  conductors  in  parallel  of  a 
twin-circuit  line  is  from  35  to  46  per  cent  greater  than  that  of  the  three 
condui;tors  of  ibe  corresponding  single  circuit.  The  induction  in.  a 
neighboring  circuit  for  a  given  magnitude  of  residual  voltage  is  there- 
fore 35  to  46  per  cent  greater  for  the  twin-circuit  line  than  for  one  of 
the  single  circuits  were  the  other  not  present.  Weighting  the  inductive 
effects  of  the  single  and  twin-circuit  lines  in  proportion  to  the  product  . 
of  the  characteristic  residual  voltage  and  the  total  direct  capacitance 
to  ground,  the  following  ratios  show  the  best  and  worst  (dependent 
upon  method  of  parallel  connection)  which  may  be  expected  from,  the 
twin  circuit  lines  in  comparison  with  the  corresponding  single-circTiit 
lines: 


Vertlcti.  iii]i3dl«  coiulDo^ar  sHsbtlT.Pvtirard— — i-i— -^ 

Triangle,  vertex  up, , , ^ 

Vertes  doim li '. . ^^.:..J.— 1..1.;. 


These  values  show  that  of  the  cases  studied,  witti  one  exception,  twin 
circuits  have  a.  very  material  advantage  ■  over  the  corr^iponding  single 
circuit,  provided  care  is  taken  to  interconnect  them  so  as  to  secure  mini' 
mum  characteristic  rraidual  voltage.  Qnthe  other  hand,  the  result  may 
be  very  much  wqrse  if  such  care  is  not  taken. 

n.  Long  Lilies. 

A — Definition. 
The  tenn  "long  line"  is  here  applied  to  Hnoi  ^whioli  are  not  short 
compared  to  a  wave-length.'  For  sueh  lines  it  is  neeefisary  to  considw 
the  series  impedances,  as  well-  as  the  capacitances  between  conductors  and 
between  oondn«tors  and  gronnd,  ib  modifying  the  voltages  betweea 
conductors  and  gronnd.  The  effects  of  phase-change  and  attemution 
can  not  be  negleeted. 

B — FoBinjiiAS  Involvinq  Equivalent  Admittances, 

Equations  (2)  given  in  the  preceding  section,  dealing  with  short  lines, 

may  be  extended  to  apply  to  long  lines,  if  instead  of  the  charges  on  tiie 
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coDdnctorB  the  chsi^fing  currents  are  ooiuidered,  and  in  place  of  the 
capadtanoe  coefficients  the  equivalent  admittance  coefficients  are  used. 
Thm  for  a  system  of  three  conductors  and  ground; 


I,=Y„V,  +  T„ 

I,  =  T„V,  +  T„T,  +  T„V.f        .  (38) 


Since  the  eTStem  is  ieolatedlrdm  gcottnd  the  mm  of  the  onneiito  is. 
equal  to  zero  and  hence  , ' 

0  =  T„T,  +  T„T,4-T,.T,  (39) 

where 

■r„=T„  +  T,,+T„i 

Y..  =  T„  +  T„+T„i  (40) 

y.,=t„4-y„  +  tJ 

T,„  Y„  and  T„  are  direct  admittances  to  ground  of  the  respectiTe 
eondnetors.  They  m^  be  snhetituted  in  egoatioos  (6)  and  (8)  for  Cie. 
C„  and  C„,  respectively,  and  equations  obtained  for  the  residual 
Tdtage  in  terms  of  the  direct  admittances.  These  equations  may  be 
applied  to  a  line  of  any  len^. 

T„(2E„  +  E.)+T.(S:.  — Ea)+T«(— Bu  — 2E.) 
Sb=^.+v,+v,= — ^ ■—■ '■ : (41) 

For  balanced  three-phase  voltages  between  conduotors 
3(Y„  -  T„)  +  j  V5(T..  +  T„  -  2T„) 


(42) 


This  may  be  rewritten  in  terms  of  direct^dmittance  unbalances : 

3(Y„-T,.)  +  JV8[(T„-TJ+2(T„-T„)] 

E,  =  E„ (43) 

2(Y..  +  Y„  +  T„) 

For  application'  to  any  given  case  it  is  necessaiy  to  determine  the 
equivalent  admittances  at  the  point  at  which  the  valns  of  residaal  volt- 
age is  desired.  In  general,  for  frequencies  higher  than  fifty  or  sixty 
cyeUs  this  may  be  done  by  measurementa  with  greater  facility  and 
accuracy  than  the  residual  voltage  itself  may  be  measured  by  any 
method  heretofore  used.  A  detailed  discussion  of  the  method  is  given 
in  Appendix  11. 

C — GEOfEBAi.  Equations  Involvino  Peimart  Constants. 

The  preceding  diseussion  does  not  include  any  method  of  determining 

the  residaal  voltage  at  any  point  alwig  a  line  from  its  physical  dimen- 

wme.    The  purpose  of  this  section  is  to  outline  a  method  of  eompating 
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the  residual  voltage  from  the  primary  constants,  which  in  turn  may  be 
expressed  in  terms  of  the  physical  dimensions  of  the  line. 

For  a  system  of  three  linear  conductors  and  groimd,  consider  an  ele- 
mentary length  of  liiie  dz.  The  changes  in  voltages  along  this  small 
element  of  line  may  be  expressed  in'  terms  of  the  currents  and  series 
impedances  as  determined  by  the  resistances  of  the  conductors  and  the 
self  and  mtttoal  induetances  per  nsit  length,  thus : 
dV, 

=  Z,il.  +  Ziil.  +  Zitia 

dx 


dV, 


-  =  ZiJ.  +  Z«I,  +  Z*.I. 


dV, 
dx 


-  =  Zi,Ij  +  Z„I,  +  Z„I, 


(44) 


Also  the  changes  in  the  oarrents  in  the  same  elementary  length  may 
be  expressed  in  terms  of  the  voltages  and  the  shunt  admittance  coeffi- 
cients determined  by  the  capacitance  and  the  condnctance  coefBcients 
per  unit  length,  thus: 
dl. 


=  Ti,V,  +  T„V,  +  Tj,V, 


dl. 


-  =  T„V,  +  T„V,  +  T„V, 


(45) 


=  T„Vi  +  T„V,  4-  T„V, 

dx 

By  liifferentiating  equations  (44)  with  r«8peet  to  x  and  substituting 
dl,   dl,   dl, 

the  values  of , , from  equations  (45),  a  set  of  three  simul- 

■  dx.  dx    dx       ' 

taneous  equations  is  obtained  involving  the  second  derivatives  of  the 
three  voltages  and  the  admittances  and  impedances  per  unit  length. 
By  differentiating  equations  (45)  and  substituting  the  first  derivatives 
of  the  voltages  from  equations  (44)  another  set  of  three  simultaneous 
el]uations  involving  the  currents  and  their  second  derivatives  is  obtained. 
Prom  the  solution  of  these  the  voltages  from  the  three  coriductora  to 
ground  at  any  point  along  the  circuit  may  be  obtained,  and  thus  the 
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residual  voltage.    The  integral  expressiouB  involve  six  independent  con- 
stants of   intef^ration.     The  detailed  method  of  solution  is  given  in 
Appendix  III. 
The  expression  for  Er  at  any  point  x  is  of  the  form 

Eb  =  (1  +  h,  +  Pi)  (A^  eosh  m,x  +  B^  einh  m,x)l 

+  (1  +  h,  +  P.)  (A,  cosh  m^  +  B,  sinh  m^x)  [      (46) 
-j-  (1  4-  hi  +  Pi)  (A,  cosh  m,x  +  B,  sinh  m,x) J 

The  coefficients  in  the  shove  equation  are  all  complicated  functiona 
of  the  impedances  and  admittances  per  unit  length  of  the  line. 

To  apply  the  integral  equation  to  the  computation  of  residual  voltage 
it  is  necessary  to  evaluate  the  six  eonatants  of  integration  in  terms  of  the 
given  terminal  conditions.  In  general,  the  solution  of  a  system  of  six 
simnitaneous  equations  is  involved.  When  the  constants  are  determined 
the  residual  voltage  at  any  point  distant  x  from  the  sending  end 
may  be  obtained  by  substituting  the  proper  value  of  x  in  the  integral 
equation.  Thus,  the  exact  determination  of  the  residual  voltage  of  a 
long  line  requires  the  general  solution  of  a  three-phase  circuit  with  uni- 
formly distributed  constapts.  The  numerical  work  for  any  given  case 
is  exceedingly  laborious  and  has  not  been  undertaken. 

Section  II. 
EXPERIMENTAL. 
I.  Description  of  Transmission  line. 

The  tests  described  herein  were  made  on  the  San  Femando-Somis 

single-circuit  15-kv.  line  of  the  Pacific  Light  and  Power  Corporation 

which  extended  a  distance  of  36.7  miles  beyond  the  Joint  Committee's 

laboratory  at  Sbji  Fernando.    The  following  is  a  tabulated  description: 

Length,  36.7  miles. 

Tj-pe  of  support— Poles :. 11 90.27o  , 

'  A-Prames 9.8% 

Configuration — ^Vertical,  five-foot  spacing,  on  poles. 

Vertical,  six-foot  spacing,  on  A-frames. 
Height  of  lower  conductor — average  40  feet. 

Conductors— No.  4  B&S  solid  copperl 1 -..^7-S.S% 

No.  2  BftS  solid  toppsr—..^-i^-^-.^^.l  7;8%i    ■ 
No.  2  B&S  stranded  qopper..... ^^.^^^33.6% 

The  meaaurements  were  made  with  the  Una  Qontransposed,  and.  when 
transposed  for  two  different  leugtha  of  barrel.  The  tr^u^po^tious  Wf re 
located  ao  as  to  divide  the  line  jijto  sections  of  as  nearly  as  practicable 
equal  lengths,  first  into  three  equal  sections  by  two  traoapositions  {one 
barrel)  and  then  into  six  equal,  isectioos  by  three  additional  (i^nsposi- 
tions  (2  barrels).    No  eflEort  was  made  to  modify  the  location  of  trans- 


positions  to  compensate  for  irregularities  in  the  line,  mch  as  diflerenees 
of  size  and  spacing  of  conductors.  The  distances  between  transpoaitioiis 
and  the  computed  lengths  of  imbalance  for  each  of  the  two  lengths 
of  barrel  are  given  below. 
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A — Description  of  Method  and  AbbanqbmehtsI 

The  line  was  energized  from  the  IS-kr.  ^stem  of  the  Faeifio  Light 
.  and  Power  Corporation  through  two  banks  of  transfonners.  The  step- 
down  bank  was  connected  delta-delta,  15,000-220  volts  and  the  atep-np 
bank  delta-atar,  220-14,250  volts  per  tranafonner,  thus  giving  26-kT. 
between  pairs  of  conductors.  The  neutral  of  the  step-up  bank  was 
isolated.  At  Somis  the  transformer  bank  was  connected  to  the  line  in 
interconnected  star-delta,  13,000-110  volts  per  transformer,  with  neutral 
isolated. 

Two  methods  of  measuring  residual  voltage  were  employed:  (1)  the 
delta  method,  by  grounding  the  primary  neutral  of  the  potential  trans- 
former bank  and  connectiiig  the  measuring  instrument  in  the  open 
corner  of  the  secondary  delta;  and  (2)  the  T  method,  by  closing  t^e 
secondary  delta  of  the  potential  tranafonner  bank  and  connecting  the 
measuring  instrtmient  between  the  primaiy  neutral  and  ground. 

The  residual  voltage  was  measured  nmultaneously  with  the  line 
voltages  to  ground  at  San  Fernando  for  the  three  (!oDditions  of  line  as 
regards  transpositions,' that  is,  no  tran^KKdCions,  osae  bacrel  and  two 
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The  voltage  to  groaud  of  the  neutral  at  Somk  was  also 
in  order  to  obtain  the  residual  voltage  at  that  point. 

B — Results.  ■ 
The  average  values  of  the  residual  voltage^,  in  terms  of  voltage 
between  conductors,  as  measured  at  San  Fernando  and  Somis,  are  given 
in  the  following  table.  The  values  given  summarize  the  results  of  a 
large  nomber  of  meter  readings  and  (Meillognms  nude  both  by  l^e  delta 
and  T  methods : 

TABLK    III. 


Ho  trasBpoeitloos  .. 


C — Discussion. 

The  measurements  of  residual  voltage  on  tiie  nontraneposed  line  give 
8  value  of  6.9  per  cent  of  the  voltage  between  conductors.  The  precision 
of  the  measuTsment  is  abont  5  per  ceat,  hence  the  rendual  voltage  lies 
between  the  limits  6.6  and  7.2  per  cent.  The  residual  voltage  measured 
at  Somis  was  practically  the  same  as  that  measarsd  at  9an  Fernando. 
For  this  short  line  it  was  to  be  Expected  that  the  residual  voltage  of 
fandameotal  frequency  would  be  ctniBUnt  throughout  the  length  of  the 
Une.  The  valne  of  residoal  T(dtage  as  obtained  by  calenlation  is  7.2  per 
cent  of  the  voltage  between  wires.  This  compares  favorably  with  the 
measured  value  as  given  above. 

The  residual  voltage  measured  witli  one  barrel  and  two  barrelg  in  the 
tranamisaion  line  is  of  abont  the  same  magnitude  aa  the  possible  errors 
dne  to  the  potential  transformers  (see  technical  report  No.  58 } ,  bence  it 
is  possible  tn  determine  only  the  upper  limit  of  the  residual  voltage  pro- 
duced under  these  conditions.  The  residnal  voltage  of  the  transposed 
line  is  les  than  0.6  per  cent  of  the  voltage  between  wires  or  leea  than  8 
per  cent  of  the  residual  voltage  with  no  transpositions.  The  lengths  of 
unbalance  as  computed  from  the  distaoees  beftwem  transpositions  are 
respectively  100  per  cent,  0.98  per  cent  and  0.60  per  cent  of  the  total 
loigth  of  the  line  fear  ik>  tranapoBiticms,  one  barrel  and  two  baivels. 
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When  the  line  was  transposed  for  one  barrel  some  meaaurements 
were  made  under  wet  weather  conditions,  thus  increasing  the  effect  of 
leakage.  The  measurementB  do  not,  however,  show  any  appreciable 
effect  on  the  residual  voltage  which  may  be  attributed  to  the  low  insula- 
tion. It  may  be  concluded,  therefore,  that  unbalanced  leakage  is  of 
relatively  small  importance,  b£  compared  to  unbalanced  capacitance,  in 
determining  the  residual  voltage  of  a  well  maintained  isolated  system. 

m.  EC^-I^r«4TteiK7  H«aBiirement6. 

A — ^Dbsomptioh  op  Method. 
No  direct  method  of .  measuring  the  residual  voltage  of  the  line  at 
frequencies  higher  than  50  cycles  was  avail^le,  so  the  method 
outlined  under  Section  I  and  Appendix  II  was  used.  The  direct  admit- 
tances and  direct  admittance  unbalances  were  determined.  No  method 
sf  measuring  theSe  quantities  directly  was  available  but;  the  unbalances 
of  pairs  of  conductors  with  the  third  both  isolated  and  grounded  were 
measured  with  the  capacity  and  conductance  unbalance  Bet.  (See  tech- 
nical report  No.  40  for  description  of  this  apparatus  and  the  method  of 
its  use  and  technical  report  No.  63  for  a  description  of  forms  used  in 
recording  the  data),  In  addition,  it  was  necessary  to  determine  the 
admittance  to  ground  of  one  of  the  conductors  with  the  other  two 
grounded  and  the  admittance  to  ground  of  two  of  the  conductors  in 
parallel  with  the  third  grounded.  These  were  determined  by  impedance 
bridge  nieasurements.  All  of  the  messuremenlB  were  made  at  several 
Ireqneoeieis  in  the  range  between  200  and  1000  cycles  pec  second. 

The  measurements  of  adufittanoe  of  one.  conductor  to  ground  with  the 
othets  grounded,  and  the  admittanceof  two  coiiductorf  in  parallel  with 
the  third  groiuded  were  ntade  only  for  the  case  when  titers  were  two 
'barrels  in  ttieUna.  Theutab&IanflemeaBorenients'wette  made  for  all  three 
qases.  Thie  method  of  oomputation  of  the  residual  voltage  from  the 
.  Dubalance  me&aiiraments  was  iU3t  develi^ed  until  after  the  transpositions 
had  been  placed  in  the  line.  The  necessity  for  the  additional  measure- 
ments was  not'TealiEed  when  tbeftt^  ■were  nutde.  To  compute  the  direct 
' '  adsaittance  unbalances  and  thus  the  residual  voltage  for  the  two  eases  in 
which  tbdse  measucemtnts  t^ert  omitted  itwasnecessary  to  assume  that 
the  admittance  to  grotind  of  all  three  conduotors  in  parallel  was  the 
same  .irrespective'  of:  the  tntiupoBitions.  The  magnitude  of  the  error 
to  trlnch  this  assumption  leads  lis  not  defioitely-  known  bat  it  is  believed 
to'beismalh         ■'.■,■■■.-.■'■       .;       i 

.  -The  detailed  raethodof  eomputing'thedirect  admittance  unbalances 
and  the^pesidnai  voltage  Ss  described  in  At)pendix  II. 
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B— Data. 

Tbe  data  of  the  teste  have  been  plotted  and  are  given  on  attached 
cnrve  sheets  as  follows: 

„  SBWta* 

B*  TmttpotUi^nt.                                  fctMct.  H*. 

Cspacitance  onbaUace — Pain  of  cooductNa 280 

Third  coodaclor  isolated. 
CapMdtaace  unbalance — Psirs  of  mndnctors 2S1 

Third  oondnctoi  eiwiDded  at  San  Fernando. 
Condnctance  oubaiuiM — Fain  of  conductors -. S82 

Third  conductor  isolated. 
CoBdnctaace  nnbalaDce — Pairs  of  condacton 288 

Tblrd  conductor  crontidcd  at  San  Tamando. 
Om  Barrel. 

Capadtanoe  nnbslance — Pairs  of  conductors 284 

Third  condnctor  iialat«d. 
Capacitance  nnbalance — Pairs  of  coodnctors . 268 

Third  conductor  groanded  at  San  Fefsaodo. 
Conductance  onbalance^ — Psiia  of  condncton 2S9 

Third  conductor  isolated- 
Conductance  nubalance — Fain  of  coodnctors 2S7 

Third  coudnctor  {rounded  at  San  Fernando. 
Tico  BarreU. 

Capacitance  unbalauce—FBln  of  conducton 288 

Third  conductor  isolated. 
Capadtanee  aubalauce — Pairs  of  conductors 289 

Third  conductor  grounded  at  San  Fernando. 
Conductance  anbalance — Pairs  of  conductors 2M 

Third  condnetor  bolatad. 
Conductance  anbalance — Pain  of  coodactora 291 

Third  conductor  gmmoded  at  San  Fernando. 
Admittances  to  srovnd 208 

One  conductor — Other  two  Bniandad. 

Two  coodnctors  in  parallel — Third  sroonded. 

T€iepho»€  Cireuit. 

Admittance  unbalance  (attached  to  T.  R.  No.  55) 297 

Admittance  to  groond — Twe  conductors  in  parallel 208 

C — Results. 
The  results  of  the  measurementa  have  been  plotted  and  are  given  on 
enrre  sheets  as  follows: 

BatdMt  K*. 

Direct  conductance  unbalaacea — Pairs  of  conducbon 293 

Three  Jengtha  of  barrel. 


Variation  of  residoal  voltage  with  fteQnenc?— 

Three  lengths  of  barrel. 

AbsctiMe  in  cycles  per  second. 
Tariadon  of  residual  voltage  with  treqnenc;.- 

Three  lengdia  of  barrel. 


e  in  per  cent  of  remnatlDS  frequency. 
Variation  of  residual  voltage  with  frequenqr.. 


Telephone  cirenit  consldeTed  as  slngl»-phaae  power  drcott 
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The  value  of  residual  voltaRe  for  50  cycles  and  no  tranBpositiona  as 
determined  by  extrapolation  of  the  curve  of  drawing  295  is  6.6  per  cent 
of  the  voltage  between  conductors  as' compared  with  6.9  per  cent  deter- 
mined by  the  50-eycle  measurements  and  7.2  per  cent  obtained  by 
confutations.  This  is  regarded  as  a  favorable  agreement  conaderin^ 
thi  sources  of  error  involved  in  both  50-cycle  and  high-frequency 
measurements. 

For  no  transpositions  the.  residual  voltage  first  increases  slightly  with 
ineTeasing  frequency  reaching  8  m&xiuium  at  600  cycles  and  then 
decireases  rather  rapidly  for  the  remainder  of  the  range  covered.  For 
one  barrel  the  values  of  residual  voltage  in  the  range  of  frequencies 
between  200  and  1000  cycles  per  second  follow  quite  closely  the  law: 

Er  =  0.166""""     ,  (47) 

where  Er  is  in  per  cent  of  balanoed  three-phase  voltage  between  con- 
ductors, e  is  the  base  of  natural  logarithms  and  f  is  the  frequency  in 
^des  per  second.  For  two  barrels  the  values  follow  approximately  the 
law: 

EB  =  0.074e°<"'"'  (48) 

The  degree  of  departure  of  the  values  from  this  law  is  greater  than  in 
the  case  of  one  barrel.  In  neither  case  is  it  to  be  expected  that  the 
Uws  will  hold  even  approximately  for  frequencies  much  above  1000 
cycles. 

At  low  frequencies  the  transpositions  are  very  effective  but  as  the 
frequency  increases  the  efficacy  of  the  transposition?  decreases  until 
at  a  frequency  of  830  cycles  the  residual  voltage  is  the  same  in  magni- 
tude both  for  no  transpositions  and  for  one  barrel.  At  approximately 
1000  cycles  the  value  is  the  same  both  for  no  transpositions  and  for 
tJKO  barrels. 

For  frequencies  below  400  cycles  and  a  37-mile  barrel,  and  for 
frequencies  below  650  cycles  and  an  18-mile  barrel,  the  residual  voltage 
is  1  per  Cent  Or  less  of  the  balanced  voltage  between  conductors. 
These  lengths  of  barrel  correspond  approximately  to  a  spacing  of  12 
barrels  per  wave-length.  Since  length  of  the  barrel  is  of  the  same 
order  to  magnitude  as  the  length  of  tine,  reflection  eifects  are  of 
importance.  For  longer  lines  or  shorter  barrels  these  results  would  be 
somewhat  modified  due  to  differences  in  the  reflection  effects. 
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RESUME. 

The  voltages  to  ground  of  power  cirouits  hayiDg  no  metallic  conxtec' 
tion  to  ground  are  determined  by  the  voltages  between  coodnctors  aqd 
by  the  direct  admittances  between  conductors  and  ground.  If  there 
are  unbalances  among  the  direct  admittanees  a  residual  voltage  is 
caused. 

The  term  "characteristic  residual  voltage"  is  used  to  denote  the 
residoal  voltage  of  a  short  uoiform  nontrausposed  power  circuit  when 
isolated  from  ground  and  energized  with  balanced  three-phase  voltages 
between  conductors;  it  is  a  measure  of  the  line  unbalance. 

Formulas  have  been  developed  whereby  the  residual  voltage  of  lines 
short  as  compared  to  a  wave  length  may  be  determined  from  the  physi* 
cal  dimensions  of  the  lines.  These  formulas  are  applicable  to  both 
single  and  twin-circuit  lines  with  and  without  ground  wires.  They  have 
been  applied  in  a  study  of  the  effects  of  varying  the  relative  position, 
spacing,  size  and  height  of  conductors  and  position  of  ground  wire,  on 
the  characteristic  residual  voltage  of  single-circuit  lines. 

It  was  found  that  in  .causing  direct  capacitance  unbalance  and  thus 
residual  voltage,  inequalities  in  the  distances  between  conductors  are  of 
more  importance  than  inequalities  in  the  distances  between  conductors 
and  ground.  Thus  the  characteristic  residual  voltage  of  triangular 
lines  is  less  than  that  of  horizontal  lines.  This  is  at  variance  with 
the  statement  made  in  the  report  of  the  Joint  Committee  to  the  Railroad 
Comnuasion,  dated  July  7,  1914,  page  28,*  last  paragraph.  The  hori- 
zontal con£guratioa  with  unequal  spacing  of  adjacent  conductors  gives 
rise  to  the  T^flTimfnp  characteristic  residual  voltage  found  in  practical 
cases.  Drawing  No.  300  affords  a  graphical  comparison  of  vertical, 
s^-mmetrical  horizontal  and  equilateral  triangular  configurations  for 
varying  height  of  conductors.  The  characteristic  residual  voltages  of  the 
vertical  and  horizontal  lines  approach  a  common  limit  as  the  height  of 
the  conductors  is  increased.  The  characteristic  residual  voltage  of 
the  vertical  type  of  line  is  somewhat  greater  than  that  of  the  symmetri- 
cal horizontal  line-  Within  the  practical  rai^e  the  height  of  conductors 
is  comparatively  an  unimportant  factor  for  the  horizontal  line.  For 
the  equilateral  triangle,  the  characteristic  residual  voltage  decreases 
approximately  inversely  as  tiie  height  of  conductors  and  approaches 
zero  as  a  limit  as  the  height  of  the  conductors  is  indefinitely  increased. 
The  characteristic  residual,  voltage  for  the  equilateral  triangle  is 
practically  Uie  same  whether  the  base,  of  the  triangle  is  horizontal, 
vertical  ,or  otherwise^  assuming  constant  ratios  of  size  of  conductors 
and  h^ig^t  of  lowest  conductor  to  the  distance  between  conductois. 

•SW  PIJ*  118  of  thli  TOlUDK.  ,  LjOOQIc 
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For  an  isosceles  triangular  confignratioii  with  base  horizontal,  two 
positions  of  the  vertex  conductor  give  zero  characteristic  residual  volt- 
age. With  the  vertex  upward  the  triangles  are  peaked  and  with  the 
vertex  downward  they  are  flattened,  as  compared  to  the  equilateral 
position.  The  degree  of  departure  from  the  equilateral  decreases  as  the 
ratio  of  height  of  conductors  to  base  of  triangle  increases.  The  relative 
positions  of  conductors  for  zero  characteristic  readual  voltage  are 
independent  of  the  size  of  the  conductor  provided  all  three  are  the 
same  in  size. 

For  all  configurations  the  characteristic  residual  voltage  is  approxi- 
mately proportional  to  the  one-sixth  power  of  the  diameter  of  the 
conductors. 

The  characteristic  residual  voltage  of  a  triangular  circuit  was  found 
to  be  very  materially  affected  by  a  ground  wire,  the  effect  varying 
greatly  with  its  position.  Two  impractical  positions  gave  zero  char- 
acteristic residual  voltage. 

In  general,  for  triangular  circuits  the  range  of  characteristic  residual 
voltage  is  0  to  5  per  cent,  while  for  circuits  having  all  conductors  in  one 
plane  or  nearly  so,  the  value  ranges  from  5  to  13  per  cent  of  the  bal- 
anced voltages  between  conductors.  From  the  numerous  curves  which 
are  attached,  the  characteristic  residual  voltages  of  most  practical  cou- 
flguratioDs  of  single-circuit  lines  can  be  determined  quite  accurately. 

For  twin-circuit  lines  only  a  few  representative  cases  have  been 
considered,  five  of  vertical  configuration,  in  one  of  which  the  middle 
conductors  are  displaced  outward  by  a  small  amount,  and  two  eases  of 
equilateral  triangles,  one  having  vertices  upward  and  the  other  vertices 
downward.  For  each,  the  effects  of  six  different  methods  of  parallel 
operation  were  determined.  The  marimum  value  of  characteristic 
residual  voltage  obtains  when  symmetrically  located  conductors  of  the 
two  circuits  are  interconnected.  This  value  may  be  halved  if,  in  inter- 
connecting the  two  circuits,  the  phases  of  one  dreuit  are  transposed 
with  respect  to  the  other.  Another  method  of  interconnection  gives 
still  better  results.  For  vertical  Hoes  the  most  eflfective  arrangement  is 
to  connect  the  two  top  conductors,  and  cross-connect  the  middle  and 
lowest  conduetora.  To  most  effectively  reduce  the  residual  voltages 
and  currents  of  twin-circuit  lines  operated  in  parallel,  the  two  circuits 
should  be  transposed  at  the  same  points  and  care  taken  to  secure  the 
condition  for  minimum  characteristic  residual  voltage  in  each  section 
of  line  between  transposition  points.  Of  the  cases  studied,  with  one 
exception,  twin  circuits  have  a  very  material  advantage  over  the  corre- 
sponding single  circuit,  providing  care  is  taken  to  interconnect  them  ao 
as  to  secure  minimum  characteristic  r^idual  voltage.  On  the  other 
hand,  the  result  may  be  very  much  worse  if  such  care  is  not  taken. 
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Few  pdwer  circnits  in  practical  operation  fulfill  the  conditions  wbieb 
will  make  their  actnal  residual  voltage  eqaal  to  their  «haract«ristic 
readoal  voltage.  Transpositions,  irre^larities  and  length  are  factors 
wtneh  materially  modify  the  restdnal  voltage  of  most  cirenits.  For 
^Tt  tranapoaed  linee  the  residoal  voltage,  as  compared  to  the  ebar- 
scteristic  residual  voltage,  is  the  ratio  of  nnbalanced  length  to  the  total 
length  of  the  line.  Thns,  if  the  line  ia  symmetrically  transposed  the 
residoal  voltage  ia  zero,  irregnlarities  being  Defected. 

When  a  line  ia  transposed  a  residual  current  is  set  np  between  aec- 
tioiiB  B^arated  by  traiu^toeitions.  This  current  is  zero  at  the  terminals, 
is  msximnm  at  the  transposition  points  within  each  barrel  length,  ana 
miTiimTiiti  at  the  jonction  points  of  the  barrels  whether  there  are  trans- 
porations  at  these  junction  points  or  not. 

If  a  line  be  supplied  with  balanced  voltages  to  ground,  a  reaidnal 
current  dae  to  line  unbalance  is  required,  whose  magnitude  is  equal 
to  the  product  of  one-third  the  residual  voltage  which  would  exist  were 
the  line  isolated  from  ground,  and  the  admittance  to  ground  of  the 
eondnetors  of  the  circuit  in  parallel. 

The  formulas  developed  for  the  residual  voltage  of  short  lines  have 
heen  extended  so  as  to  apply  to  lines  of  any  length,  and  methods  are 
outlined  whereby  the  required  direct  admittances  may  be  determined 
from  measurements. 

The  determination  of  the  residual  voltage  of  a  long  line  in  terms  of 
its  pbyaical  dimensions  requires  the  general  solution  of  a  three-phase 
eircuit  with  distributed  constants.  The  nnmerical  work  of  solution  for 
any  given  case  is  so  laborious  that  it  has  not  been  undertaken. 

Measurements  of  residual  voltage  were  made  on  a  TT-mile  vertical 
line  having  successively,  no  transpositions,  one  barrel  and  two  barrels; 
by  direct  measurement  at  50  cycles  and  by  determining  equivalent 
admittances  for  frequencies  of  200  to  1000  cycles.  Comparison  of  the 
measurements  at  50  cyeles  on  the  nontransposed  line  with  the  value 
obtained  by  computations  based  on  the  physical  dimensions,  shows  very 
satisfactory  agreement.  Measurements  at  50  cycles  made  under  wet 
weather  conditions,  when  the  line  was  transposed  for  one  barrel,  do 
not  show  any  appreciable  effect  on  the  residual  voltage  which  may 
be  attributed  to  low  insulation.  It  may  be  conclnded,  therefore,  that 
nnbalanced  leakage  is  of  relatively  small  importance  as  compared  to 
unbalanced  capacitance  in  determining  the  residual  voltage  of  a  well 
maintained  isolated  system.  It  was  found  that  a  single  barrel  was 
highly  effective  in  reducing  the  residual  voltage  of  fundamental  fre- 
qnepcy,  50  cycles  per  second.  The  single  barrel  at  this  frequency 
correq^onds  approximately  to  78  barrels  per  wave  length.  For  higher 
frequencies  this  length  of  barrel  and  also  two  barrels  of  half  this  length 
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jrere  found  quite  .in^fffletive,  tlte  residual  voltage  at  1000  eyeles.  being 
approximately  double  that  of  the  nontraiifipoaed  Use  for  one  harrel  and 
about  equal  to  that  of  the  nontrauBpoBed  line  for  two  bsrralB.  Within 
the  range,  from  200  to  !L000  eyelesit  wa»  found  th^  the  residual  voltacres 
with  one  and- two  barrels  were,  approximately,  simple  exponential  fuse- 
tions  of  the  frequency.  For  frequencies  ap  to  100  cycles  per  second  with 
one  barrel,  and  for  frequencies  up  to  600  cycles  for  two  barrels,  the 
residual  voltage  waa  less  than  1  per  cent  of  the  voltage  of  the  same 
frequency  between  conductors.  These  lengths  of  barrel  correspond 
approximately  to  the  spaciuig  of  12  barrels  per  waveJei^h  for  the  Umit- 
ing  frequency  mentioned  in  each  case.  For  the  Dontrausposed  ooDditi(»i, 
the  residual  voltage  ranged  from  6.5  to  7  per  cent  of  the  voltage  between 
conductors  for  frequencies  up  to  €00  cycles  per  second  and  for  the  hi^ur 
frequencies  it  decreased  with  increase  of  frequency  within  the  range 
investigated,  reaching  a  value  of  5  per  cent  at  900  cycles.  Since  the 
length  of  barrel  is  of  the  same  order  of  magnitude  as  the  length  of 
line,  reflection  effects  are  of  importance,  and  for  longer  lines  or  shorter 
barrels  these  results  would  be  somewhat  modified.  It  would  be  interest- 
ing but  very  laborious  to  apply  the  general  equation  for  the  reaidUal 
voltage  of  long  liaes  to  the  study  of  its  variation  with  frequADoy  and 
length  of  barrel  for  lines  of  diSerent  lengths,  configuratioa  and  different 
methods  of  transposition. 

In  determining  the  length  of  barrels  required  to  limit  the  residual 
voltage  of  power  circuits  isolated  from  ground  to  a  given  ma^piitude, 
the  characteristic  residual  voltage  of  the  circuit  is. an  important  Castor, 
shorter  barrels  being  required  with  larger  eharaetetistic  residual  volt- 
ages. The  exset  relationship  of  these  two  factors  for  a  constant  residnal 
voltage  has  not  been  detannined.  Under  average  conditions  of  .wave- 
form it  should  be  expected  that  9-mUe  barrels  will  effectually  balance 
triangular  lines  (or  twin-flirbuit  lines  so  interconnected  that  their  char- 
acteristic residual  voltages  are  of  the  same  order  of  magnitude  as  that 
of  a  single- circuit  triangular  line)  -and  that  6-mile  barrels  will  balanee 
lines  of  pther  configurations,  so  as  to  limit  the  residual  voltages '  of 
fundamental  and  higher  frequencies  to  relatively  small  magnitudes  as 
cQinpared  with  those  of  a  nontrsnsposed  Une.  It  is  probsUe  that  more 
effective.  resiultswiU  be  secured  by  omifting .  £be  tnutspositiooB -at  the 
junctions  of  successive  ban^els,  .since  (herel^:  the  nnbalanoe  due  to 
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phaw  change  may  be  materially  reduced.    Thus  for  6  and  9-mile  barrela 
the  average  distances  between  tranapositiotis  would  be  3  and  4.5  miles. 

Bespectfully  submitted. 

(Signed)     Livincbton  P.  Ferbis, 
Assistant  Field  Engineer. 


October  2,  1916. 

(Signed)     B.  W.  Mastioe, 
Field  : 

Afpbotzd:  Januai?  8>  1917. 

SUBOOMMFT^  ON  TESTIS, 

(Signed)     J.  E.  Wcx^BBiDaE, 

Chairman. 

Joint  Cohiottbb  im  Induotitb  iHTBOFtaBtPCs, 
(Signed)     Abxhdb  P.  "BaipaB, 

SecretMy. 

Janiuir  8,  1017; 
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APPENDIX   I. 


CALCULATION  OT  DIRECT  CAPAOiTANCES  W  *rBRMS  O^  DIMENSIONS. 
This  appendix  supplementa  Section  I,  Subdivision  I-B,  giving  in 
detail  the  method  of  compBting  the  direct  capacitances  of  a  eystem  of 
conductors  in  terms  of  the  physical  dimeosiooa. 

Belationsbip  of  Charges  and  Potentials. 

The  relationship  of  the  charges  and  potentials  of  a  system  of  m  con- 
dnctors  and  ground  is.  expressed  by  the  following  system  of  equations* : 

V,  =  P„Q,  +  P„Q,  +  P,iQ,+  .  .  .  +P,,(i. 
V,  =  P«Q,+P„Q,  +  Pi,Q,+  .  .  .  +P„,(i. 
V,  =  P„Q.  +  P„Q,  +  P„Q,4-    .    .    .    +P„.Q„ 


(49) 


V„=P,„Q,+P„Q,+  P^Q,-f.     .     .     .     +P^Q„ 

^n  V„  V,  .  .  .  Vb,  are  the  potentials  referred  to  ground  of  the 
conductors  denoted  by  the  subscripts;  Qi,  .Qsi  Qs  -  -  Qm  are  the  cor- 
responding charges. 

The  coefficients  ?,„  P,,,  Pjj,  etc.,  termed  "potential  coefSeientSj "  are 
constants  depending  npon  the  dimeusiwis  of  the  system  and  the  nature 
of  the  dielectric  medium  in  which  the  conductors  are  placed  (air  in  this 
case),  and  are  independent  of  how  the  conductors  may  be  charged  or 
how  they  may  be  interconnected  (provided  the  surfaces  of  the  connect- 
ing wires  are  small  as  compared  to  the  surfaces  of  the  conductors). 
Each  coefficient  has  two  subscripts,  the  first  corresponding  to  the  charge 
and  the  second  to  the  potential.  A  coefficient  in  which  the  two  sub- 
scripts are  the  same  denotes  the  potential  of  the  conductor  designated 
thereby  when  its  charge  is  unity,  and  the  charges  of  other  conductors  are 
zero.  A  coefficient  in  which  the  two  subscripts  are  different  denotes 
the  potential  of  the  conductor  designated  by  the  second  subscript  when 
the  conductor  designated  by  the  first  subscript  receives  a  unit  charge, 
the  chaises  of  all  the  other  conductors  being  zero.  Keciprocal  relations 
exist  such  that  the  order  in  which  the  subscripts  appear  is  immaterial, 
I. «.,  Pim=  Pn..  All  the  potential  coefficients  are  positive  and  those  with 
like  gnbscripts  are  not  less  than  those  with  unljke  subscripts. 

*rolki«[Ds  Clcrt-Hiivtll. 
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The  reUtionship  of  the  chai^eg  and  potenti&U  may  aUo  be  expressed 
in  the  following  fonn : 

Qi=K..v,  +  K„v,4-K,,v,+  .  .  .  +k;„v„ 


The  ooeffieientg  K,„  Kj„  K^,,  etc.,  will  be  termed  "capacitance  coeffi- 
cients" and  correspond  to  MazweU's  coefficients  of  capacity  and  iodoo- 
tion;  termed  by  Russell  the  eoeffieienta  of  self  and  mutual  induction  for 
electrostatic  charges.  Like  the  potential  coefficients  the  capacitance 
coefficients  are  constants  independent  of  the  manner  in  which  the  con- 
-  ductors  may  be  charged  or  interoonoected.  Each  coefficient  has  two 
subscripts,  the  first  conventionally  denoting  the  charge  and  the  second 
the  potential.  Aa  with  the  potential  co^cients  reciprocal  relations 
make  the  order  of  the  subscripts  immaterial,  t.  e,,  Km,  =  Kom.  A 
coefficient  in  which  tiie  two  subscripts  are  the  same  denotes'  the  charge 
on  the  correponding  conductor  when  its  potential  is  unity,  and  that  of 
all  the  other  conductors  zero  (grounded).  This  quantity  is  variously 
termed  the  "capacity,"  the  "total  capacity"  and  the  "grounded 
capacity"  of  the  conductor,  also  its  "coefficient  of  self-induction  for 
electrostatic  chafes."  A  coefficient  in  which  the  two  subscripts  are 
different  denotes  the  charge  induced  on  the  conductor  designated  by  the 
first  when  the  conductor  designated  by  the  second  is  raised  to  potential 
unity,  the  potential  of  all  the  other  conductors  being  zero  (grounded). 
This  quantity  is  varioualy  termed  "coefficient  of  induction"  and  "coeffi- 
cient of  mutual  induction,"  and  is  equal  in  magnitude  but  opposite  in 
sign  to  the  "direct"  or  "normal"  capacitance  between  corresponding 
conductors.  The  direct  capacitance  between  eonduetora  m  and  n  is 
defined  as  the  ratio  of  the  charge  on  m  to  the  difference  of  potential 
between  m  and  n  when  all  conductors  of  the  system  except  n  are  at  the 
same  potential  as  m.  All  the  coefficients  with  like  subscripts  are  positive 
and  all  those  with  unlike  subscripts  are  negative  and  the  algebraic  sum 
of  all  the  coefficients  belonging  to  a  single  conductor  is  equal  to  the 
direct  capacitance  to  ground  of  that  conductor.  The  direct  capacitance 
of  conductor  m  to  ground  is  the  ratio  of  the  charge  on  conductor  m  to 
its  potential  when  all  other  conductors  except  the  reference  conductor, 
ground,  are  at  the  potential  of  m.     Th\w,  substituting  in  equations  (50) 

v,=v,  =  v,= .v.. 

Q„ 

C^,  =  —  =  K„, -I- K„,,  +  K„.  +    .    .    .    K„  (51) 
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OifMcitaiiM  Ooeffldenti  in  Tmhu  ci  Potontiil  Ootffidanti. 

In  order  that  both  aete  of  eqostinu  (49)  and  (50),  conneeting  the 
charges  and  potentials,  may  hold  simultaneously,  the  potential  and 
capacitance  coefficients  must  be  so  related  that  an;  capacitance  coefficient 
Eu  in  eqoation  (50)  is  the  minor  of  Pmn  in  the  determinant  of  the 
potential  coefficients  in  equations  (49),  divided  by  the  value  of  that 
determinant.  This  relation  affords  a  means  of  computing  the  capaci- 
tance ooeffirients  when  the  potential  coefficients  are  known.  If  the 
nnmber  of  conductors  exceeds  four,  the  computations  become  very 
laborious  unless  symmetrical  relations  simplify  the  operations. 

For  a  three-couduetor  system  the  following  solutioa  results : 

P,^„  — P%,                                      P«P„  — P>r 
K_^  = ,  K„  = 


Pi.Pss  — P".;, 


K„  =  - 


P.,P„  —  P.,P„ 


K«  = 


P.»Pi«  — P«P., 


»  =  P„PmP..  +  2P,^„P„  —  P„P»„  —  P„P%,— P„P% 

Since  for  the  computation  of  residual  voltage  only  the  relative  mag- 
nitudes of  the  direct  capacitances  are  significant  it  is  not  necessary  to 
evaluate  «t  in  the  above  equations. 

For  a  six-conductor  system  it  is  necessary  in  general  to  determine  sis 
charges,  there  being  21  potential  coefficients  and  21  capacitaoce  coeffi- 
cienla  involved.  The  evaluation  of  a  sixth-order  determinant  is  neces- 
sary for  a  complete  solution.  For  twin  cirenits  in  which  the  conductors 
of  the  two  circuits  are  symmetrieally  located  with  respect  to  an  inter- 
mediate plane  perpendicular  to  the  earth's  surface  equalities  among  the 
potential  coefficients  reduce  the  number  to  12.  The  method  of  solution 
is  then  as  follows: 

Summing  the  voltages  of  the  symmetrically  placed  conductors,  1  and 
4,  2  and  5,  3  and  6,  the  following  group  of  three  equations  involving  the 
sums  of  pairs  of  voltages  in  terms  of  the  sums  of  pairs  of  charges  is 
obtained  from  equations  (49) : 

v,+V^(Pu+P„)(0.+Q.)  +  (P„+P„>(Q,-l-Q.)4-(Pa-l-P„)  (Q,+Q.)  i 
V,+V^(Po+P.KQ.+Q.)  +  (P„+P.)(Q.+Q,)H-(P„+P.)(Q,+Q.)  \     (53) 

v.+v.^{p„-^p,)(Q,+Q,)+(p«-^-p_>(Q,-l-Q^)-^-(p„+p«){Q,-^-Q.) ) 


P«  +  P«  =  A„ 

P„4-P„=A„ 


Anl 
A,  J 


PlJ   +  P,5  = 

P..+P..=A,.  }.  (54) 

p„  +  P,.=A.,j   ,^,,GoogIc 


These  three  simultaiieous  equafioii's  may  be  solved  for  ilie  suiDsof  piiirs 
of  dfSTges  hiteriito  of  the  BurasOf  paits  of  voltages  Whet^by'thefoliow- 
iilg  ^roupsof'eqaatioria'fesalts:     .      ■.  .     -  . 

Qi  +  Q«  =  c.;(v,  +  y,j  4-  c:,(v,,+  V,)  -h  c«{v,  +  v,)i 

Q>  +  Q.  =  C„(Y,  +  V.)  +  C,,(V,  +  y,)  +  C,,(V.  +  V.)       (55) 

Q,  +  Q,  ^  c„(V,  +  V,)  +  c;l(v,  +  vj  +  c„(V.  ^  v,)J 

The  coefficient  Csm  in  the  ahove  e(iu«,tions  is  the  minor  of  Ano  in  the 
following  determinant,  divided  by  the  value  of  the  determinant  (56), 

A^  a".        Am        a",       .  <  56) 


The  solution  of  the  determinaQt  gives  expressions  identical  in  form 
with  equations  (52),  Cn,  C,„  etc.,  replacing  K,„  K,j,  etc.,  and  A,„  Aij, 
etc.,  replacing  P„,  P,j,  etc. 

The  direct  capacitances  to  ground  of  the  conductors  are : 


(57) 


C„  =  C„  =  C„  +  C„  +  C„ 

c„  =  c..=c„  +  c„  +  c.. 

For  if  in  equat 

on  (55),  V,=V,  =  V,  =  V,  =  V,  =  V, 

Q,  +  Q,  =  2(C„  +  C,.  +  C„)V 
Q.  +  Q.=  2(C„  +  C„  +  C„)V 

Q.  +  Q.  =  2(C,.  +  c,,  +  c„)v 

By  symmetry 

Q,=Q.,Q,  =  Q.,Q.  =  Q. 

benee 

_  =  _'=c„  +  c„  +  c.. 

V,      V. 
V,      V, 

Q.     Q. 

— =— =-c„  +  c„  +  c„ 

By  definition 

Q,  Q, 

— ,  — ,    etc.,  are  tiie  direet  ijapac 
V,  V, 

tances 

tive  conductors  since  they  are  the  ratios  of  the  chains  of  the  conductors 
to  their  potentials  when  all  are  &t  the  same  potential 

The  relative  and  not  the  absolute  magnitudes  of  the  direct  capaci- 
tances are  required  for  the  computation  of  residnal  voltage,  hence  the 
evaluation  of  A  is  unneeeaeary. 

i:.,:;.:,.,-.d-CoO0lr 
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For  a  single-circuit  line  with. ft  grpund  wjre  the.siuu^  of  the  direct 
capacitances  to  ground  and  to  the  ground  wire  are  required  in  place  of 
the  direct  capacitanljes  to  ground.  Thefee  are  obtained  by  summing  all 
of  the  capacitance  coefl^cients  belonging  to  each  conductor  except 
that  involving  the  ground  wire.  It  is  not  necessary  to  evaluate  any  of 
the  capacitance  coeflBcients  belonging  to  the  groond  wire.  However,  the 
terms  involving  the  charge  on  the  ground  wire  in  the'  equations  of  group 
(49)  must  be  considered  in  expressing  the  capacitance  coefQcienta  in 
terms  of  the  potential  coefBeients. 

For  a  twin-circuit  line  with  one  or  two  symmetrically  placed  ground 
wires,  by  summing  the  Toltages  of  the  symmetrically  placed  conductors 
the  sums  of  pairs  of  voltages  are  expressed  in  terms  of  sums  of  pairs 
of  eorrespooding  charges,  and  the  sums  of  the  direct  capacitances  to 
ground  and  to  the  grounded  conductor  or  conductors  aay  be  obtained 
as  for  the  single-circuit  line  provided  the  sums  of  pairs  of  voltages  and 
of  pairs  of  charges  are  nsed  in  place  of  tjbe  individual  voltages  and 
charges. 

ETalmi,ti<»i  ot  Potential  OoeffldmtB. 

To  evaluate  the  potential  coefficients  it  is  necessary  to  compute,  for 
each  one.  the  work  dfine  by  an  external  agent  against  the  repulfflve  force 
of  a  unit  positive  charge  on  one  of  the  oondaeti»s  in  bringing  a  unit 
positive  charge  from  an  infinite  distance,  or  from  any  pltee  where  the 
potential  is  zero,  to  the  coodQCtor  whose  potential  is  desired,  whieh  may 
or  may  not  be  the  charged  conductor.  To  evaluate  P„  asatutte  unit 
positive  charge  on  conductor  1,  charges  on  all  other  conductors  being 
zero,  and  compute  the  work  done  in  bringing  another  unit  positive 
charge  from  ground  to  conductor  1 ;  similarly  for  the  other  coefQcients 
with  like  subscripts.  To  evaluate  Pjj  assume  unit  positive  charge  on 
conductor  2,  charges  on  all  other  conductors  being  zero,  and  compute 
work  done  in  bringing  unit  positive  charge  from  ground  to  conductor  1 ; 
similarly  for  the  other  coefficients  with  unlike  subscripts.  The  computa- 
tions involved  in  this  process  are  simplified  by  considering  the  ground 
•^placed  by  the  images  of  the  conductors  at  a  distance  below  the 
ground  surface  equal  to  the  height  of  the  conductors  above  the  surface 
and  having  charges  of  equal  magnitude  but  opposite  sign  to  the 
charges  on  the  actual  conductors.  If  the  radii  of  the  conductors  are 
small  as  compared  to  the  distances  between  them  and  these  distances 
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small  as  compared  to  the  lengUi  of  the  conducton  the  valnea  of  the 
potential  coefDcients  in  terms  of  dimensions  of  the  system  are  as  follows : 


.  21og- 


P™=21og- 


P„=21og 


P,,  =  21og^ 


P,«  =  21og 


Sii,  S,,  .  .  .  Saun  are  the  distances  from  the  conductors  to  their 
own  images.  S,2,  S,s  .  .  .  Smn  are  respectively  the  distances  from 
the  axis  of  the  conductor  denoted  by  one  subscript  to  the  axis  of  the 
image  conductor  denoted  by  the  other  subscript  (for  example,  S,a  is  the 
distance  from  conductor  1  to  the  image  of  conductor  2  or  vice  versa). 
'ill  '«  .  .  .  rnan  are  the  radii  of  the  conductors.  For  stranded 
conductors  the  perimeters  of  the  cross-sections  divided  by  2»r  may  be 
taken  aa  the  radii  with  small  error.  r,i,  r,,  .  .  .  r^  are  the  dis- 
tances between  the  axes  of  the  conductors  denoted  by  the  subscripts. 
The  notation  used  is  illustrated  on  drawing  No.  331,  attached.  If  the 
distances  between  conductors  are  greater  than  ten  diameters  the  hbove 
expressions  for  the  potential  coefficients  are  aceorate  to  vrithin  less  than 
Vff  per  cent. 

Attached:  Drawing  No.  331.' 
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APPENDIX  n. 


This  appendix  auppl«ine&t8  Section  I,  Subdrvieion  II-B,  and  Section 
II,  Subdivision  III,  giving,  in  greater  detail,  the  method  of  measure- 
ment and  computation  of  the  residual  voltage  in  terms  of  equivalent 


Eqnations. 

Equations  (50)  given  in  Appendix  I,  which  express  the  relationship 
between  the  charges  and  potentials  of  an  independent  electrical  system, 
may  be  extended  to  apply  to  lines  of  greater  length  by  substituting  the 
charging'  currents  for  the  electric  chaises  and  equivalent  admittances 
for  the  capacitance  coefficients.  Such  a  group  of  equations  for  a  system 
of  three  conductors  and  ground  is  as  follows : 

Ii  =  Yii'Vi  +  T,,V,  -f  T„V, 
I,  =  T„V,  +  T„V,  +  Y„V, 

Summing  the  currents 

I^  +  I^  +  I,  =  T,.Vj  +  Y,oV,  +  Y,„V,  (63) 

where 

Y,o  =  Y,j  -f  Y„  +  Y„[  (64) 

Y„  =  Y.,  +  Y„  +  Y„J 

Y,o,  Yj,  andjo  are  the  direct  admittances  to  ground  of  the  respective 
conductors.  The  direct  admittance  of  conductor  m  to  ground  is  defined 
as  the  ratio  of  the  charging  current  of  conductor  m  to  its  potential 
when  all  other  conductors  of  the  system  except  ground  (the  reference 
conductor)  are  connected  to  conductor  m.  It  thus  corresponds  to  the 
direct  capacitance  as  defined  in  Appendix  I  except  that  the  charging 
current  is  used  instead  of  the  charge. 

The  equation  for  the  residual  voltage  may  be  obtaioed  from  equations 
(6)  and  (8)  by  substituting  the  direct  admittances  for  the  direct 
capacitances  thus, 

Ti,(2I!i,+B„)+T„(E„— B.,)+T„(— B,,— 2E„) 

Eh=v,+v,+v,= (65) 
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or  fw  babmeed  three-phMe.vottagfa  between,  cooductors  .... 

Eb=e„ — .  .-.(eft)' 

2(T„-t;T„-t-T„) 
This  may  be  rewrittcai  in  terms  of  tlie  direct  admittance  unbalances 
3(T„  — T„)  +  JV5[{Y,o  — Yio)  +2(T„-T„)] 


,(67) 


2(Y,.  +  Y„  +  t„)' 

IMttiniiiatvHi  of  ZHract  AdmittlBMVi 

'  For  eomp>stiDg  tb«'raaiduaL  votta^eiorhny  ^y^  cam  tke-Mpnt&leat 
direct  aduMtanees,  at  tbe-pOiBt  wh«lrei  di6  residsal  Toltage-is' desired, 
must  be  detennined.'  NA'diredt  meUiod  of  meafmring  -the  ibreet  admit- 
tances has  been  deTelop«l,*- bnt  the  follcwiog  indiredt  method  nuyhe 
f ^oved,  a  modifieaticnr  xd  -which  -was  used  in  ibtaioiDg'  the  experimental 
rosnltn  i«coTded  iu  Seetios  II. 

The  admittance  to  ground  of  one  of  the  conductoi^  i»  measured- with 
the  other  two  gromided,  and  of  two  eondttctOIs  ia  parallel  ts'^owd 
with  the  other  grounded.  If  these  meaanrementa  are  made  for  each  eon- 
duetOT  and  each  pair  of  eondnctors  all  the  ooeffteibnts  of  tfqastions  (64) 
may  be  determiBed. 

The  coefficients  T,„  Y„  and  Y„  are  the  admittances  to  ground  of  the 
respective  condoetotre  when  th«  other  tw(r  are  grMUfded,  and  maT'  be 
measured  directly.    Thus  if  conductors  2  and  3  be  grounded 

V,  =  V,  =  0 
Then  from  equations  (62) 

Ii 

I.^Y.,V.orY„  = 

T, 
which  is  measured  directly.     By  repeating  the  meaaurementa  for  the 
other  two  conductors  Yj,  and  Yjj  may  be  directly  determined. 

The  eoefficieots  Y,„  Y„  and  Y,,  are  ofotaiOAl  from  the  preceding  and 
from  meaanrementa  of  the  admittance  of, two  conductors  in  parallel 
when  the  third  is  grounded.  Thus  if  conductor  3  be  grounded  and 
conductors  1  and  2  be  paralleled'  .•       , 

, ':y,  =  OandT,'=V/'   '  ,■."„'-',,.,. 
Then  from  egnatioBS'  (€2)     '  '     . 

I.  =  Y„V,  +  Y,,V, 
I.  =  Y„T,+Y„V,  I 

=  Y.,  +  Y„  +  2Y„ 

Vi-       i  '.:,     / 
^                    Ii  +  I. 
The  quantity is  the  admittance  of  conductors  1  and  2  in  parallel 

LiOOQIc 
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and  is  obtained'  by  this  measnremeDt ;  T^,  and  T„  are  determined  by 
the  preTiotu  measurements.  Hence  Yu  may  be  obtained  from  tbe 
following  equation : 

I.  +  I. 
T„  =  J( Y„-Y„) 

Y,,  and  Y^,  are  obtained  in  similar  fashion,  using  tbe  otber  two 
combinations  of  conductors. 

Since  the  residual  voltage  is  a  faUctSoo  of  the  differences  of  Oie  direet 
admittanoes  to  ground  it  is  desirable  that  the  method  of  measurement 
obtain  these  differenoeb  as  aoeurately  as  posable.  The  method  given 
above  is  diaadvantageouH  in  this  reapect.  The  foUowing  additional 
measurements  will  determine  the  differences  more  accnrately. 

With  the  capacity  and  conductance  unbalance  set  (see  technical 
report  No.  40)  tbe  difference  of  two  admittances  may  be  measured  more 
accurately  than  either  of  the  admittances.  The  components  of  tbe 
unbalance  (the  equivalent- conductance  and  the  equivalent  capacitance 
unbalance)  are  obtained. 

The  unbalances  of  the.  admittances  of  pairs  of  conductors  with  the 
third  grounded  give  directly  Yn — Yjj,  Yji  —  Y,s  and  Y„  —  Y„.    If 

'                                                                  Ij  — I, 
conductor  3  be  grounded  and  the  admittance  unbalance  ( )  of 

conductors  1  and  2  be  measured, 

Vj  =  V„V3  =  0 
Then  from  equation  (62) 

I,  =  Y„V, +  Y„V, 

I,  =  Y„V, +Y„V, 

whence 
I1--I2 

J: — =Y^^_t„ 

,     ■  '        ■        ■  Y, 

Similarly  for  the  two  other  eombinationa  of  conductors. , 

From  the  preceding  and  from  the  unbalances  of  the  admittances  of 
pairs  of  conductors  with  the  tMrd  isolated  Y^, — Y„,  Yi,  —  Y^^, 
Y„  —  Yj,  may  be  obtained;  thus  if  conductor  3  be  isolated  Mid  the 

I1---I.   ■■■ 

admittance  unbalance  ( — i )  of  conductors  1  and  2  be  measured, 

V,     ,    . 
Ti  =  V,  and  I,  =  0 ' 
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and  from  equationa  (62) 

I,  =w  Y„Vj  +  T„V,  +  Y„V. 
I.  =  T„V,  +  T„V,  +  T„  V. 
0  =  T„V,  +  T„V,  +  T„V, 

T„  +  T,. 

V.  =  _V, 

I.  — I.                               (T„  — T„)(T„  +  T„) 
=(T„-T„) 


I,  — I.  T., 

T..-Y„  =  -|( )-(T„-T„)l- 


Similarly  for  the  ether  two  pairs  of  oondaeton. 

From  the  two  seta  of  tmhalanees  the  direct  admittaoee  unbalances  are 
obtained  thus; 

{T„  — T«)  +  (Y„-T„)  =T^-T«[  (68) 

The  complete  set  of  meMrarements  at  each  freqoenc?  for  thia  method 
of  determination  ia: 

1.  Admittance  of  one  conductor  to  ground,  others  groanded. 

2.  Admittance  unbalance  of  a  pair  of  conductors,  the  third  grounded. 

3.  Same  measurement  for  second  pair  of  eoBdncton. 
1*  Same  meaaurement  for  third  pai;  of  conductors. 

5.  Admittance  of  two  conduators  in  parallel,  the  third  grounded. 

6.  The  same  measurement  for  another  pair  of  conductors. 

7.  The  same  measurement  for  the  third  pair  of  conductors. 

8.  Admittance  unbalance  of  a  pair  of  coaductora  with  the  third 

isolated.  - 

9.  Same  measurement  for  aeeond  pair. 
10,  Same  measurement  for  third  pair, 

^ee  the  Talnea  of  ona  of  the  direct  admittances  and  of  two  of  tiie 
unbalances  are  sufficient  to  determine  the  three  admittances  and  th^ 
differences  measurements  (4)  and  (10)  ma;  be  omitted  but  it  is 
desirable  to  make  them  as  a  check. 

The  Talnea  of  the  direct  admittances  and  their  unfaalauces  may  now  be 
substituted  in  the  equation  (67)  for  the  residual  voltage. 

■bdifiad  Method. 

The  measurements  made  at  San  Fernando  and  described  in  Section  II 
were  made  preTions  to  the  dcyelopment  of  this  metiiod  and  some  of  the 
measurements  above  outlined  were  not  made.  For  no  transpositions  and 
for  one  barrel,  only  the  unbalance  measurements  Nos.  2,  3,  4,  and  8,  9, 
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10,  as  above,  were  made.  For  two  barrels,  in  addition,  the  admittances 
to  ground  of  one  of  the  conductors  with  the  others'  grounded  and  at  one 
pait  of  conductors  in  paraUel  to  ground  ^ith  theihird  grounded,  were 


The  direct  admittances  for  the  case  of  two  barrels  are  all  determinable 
from  the  measurements  but  the  numerical  solu^on  is  far  more  laborious 
since  it  is  accessary  to  solve  quadratic  instead  of  linear  equations. 
Since  T,,  +  Y„  is  not  determined,  the  equation  given,  for  T,,  —  Y,, 
can  not  be  solved  for  this  difference  but  ipstead  it  must  be  solved  as  a 
quadratic  for  Yig  or  Yjb  'in  terms  of  the  other  admittances.  Two  such 
quadratic  equations  must  he  solved  since  only  one  of  the  quantities 
Yjj,  T,3  and  Tu  is  determined  by  the  admittance  to  ground  of  a  pair 
of  conductors  witK  the  third  grounded. 

For  the  other  two  cases  in  order  to  obtain  the  admittance  onbalaaces 
it  was  necessary  to  assume  that  the  averages  of  Y,i;  Y^  and  Y*,  and  of 
Y,j,  Yjj,  and  Y^  were  constant  irrespective  of  the  transposition  aystem. 
Having  the  averages  of  Y,„  Yjj  and  Y„  and  their  differences  it  was 
possible  to  obtain  their  v^ues  directly.  To  obtaia  the  values  of  Yi„  Y„, 
Y„  and  their  differences  a  systemof  successive  approximations  was  used. 
It  was  assumed  for  the  first  approximation  that  (Y^,  +  Y„)  = 
(Y„ +  Y„)=n  twice  the  average  of  Y,s,Y„  and  Y„.  (Y„— Y„)  and 
( Yij  —  Yi,)  were  determined  and  a  new  set  of  values  of  Yj,  -f-  Y„  and 
Y,i  +  Y„  computed  frisn,  the  average  value  of  the,  three  and  the 
differences  obtained  from  the  first  approximations.  The  new  values  of 
the  sums  were  used  in  a  second  approximafeifni  and  the  pi>oae8s«ontinued 
until  a  satisfactory  result  was  obtained,  the  preeisionOf  wtrfch  was 
jndged  by  the  percentage  by  which  successive  values  of' tde  sums 
differed.  "With  the  values  of  Y„,  Y„,  Y„,  (in^  their  differences,  and 
^Mi'^n'ond  Y,3  determined,  the  direct  admittance  unbalanc«g  and  the 
residual  voltages  were  determined  by  equations  (68)  amd  (67). 

Since  the  admittances  are  all  complex  quantitite  the  nomerical  work 
involved  in  making  this  solution  for  a  number  of  frequencies  was  very 
laborious.  :  The  method  cnitLiDed  in  the  first  part  of  this  appatidix  is  to 
bs  Veconunended  in  preference.* 
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Apfehdxx  m. 


To  obtain  a  general  expreasion.  for  residual  Yol.tag«  of  a  thre&phase 
ctreoit  which  will  hold  foe  all  -frequeneies  and  leugtha  of  line  requirea 
tbe  exact  solution  of  tiie  cirQuit,  aaauming  .nnifonnly  distributed  con- 
stants. The  discussion  here  giyen  is  in  amplification .  of  Section  I, 
SnbdiTtsion  II-C. 

Dertvation. 

For  a  qrstem  of  three  linear  conductors  and  ground, 'consider  an  ele- 
meutaiy  length  of  line  dx.  A  set  of  equations  may  be  written  expresB- 
iog  the  changes  in  voltages  along  this  elem^  of  line  in  terms  of  the 
currents  and  the  self  and  mutual  hnpedauces  as  determined  by  the 
resistanees  ot  the  coaductors  and  the  self  and  mutual  inductances  per 
DDJt  length,  qnantities  that  may  be  computed  from  the  dimensions  of 
the  system.    Thus : 


dV, 

dz 

dV, 

dx^~ 

dV, 

dx 


-  =  Z„Ii  +  Z,^I,  +  Z,g-I,' 


!,A+Z=.Ii  +  Z.A 


-=z,^,+z«i;-p-z.. 


Also  a  set  of  equaitionSvUiay  be  wtitt^.'^xj^essing  the  changes  in  our- 
rent  along  the  element  «f  line,  in  terms  of  the. voltages  and  the  self 
ind  mntoBl  admittances  as  determined  by  the  capacitance  and  conduct- 
uice  coefficients  per  unit  leng^.  The  capacitance  coefficients  may  be 
eonqtnted  io  ternift  of  the  dimensions  as  shqws  ^t  App^dix  I.  Thus 
aln 


dl. 

=  Y 

,V 

+  Y, 

,V 

+  T,iV, 

=.T, 

,f 

+  T, 

.V, 

+  T„y, 

dl. 

=  T, 

,V 

+  T, 

,v 

+  T.,V, 
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To  solve  these  equations  it  is  neeeasary  to  first  seperate  the  variables. 
By  dififerentiatiog  equations  (69)  with  respect  to  z  and  substituting  for 

dl,   dl,  dl, 

— ,  — ^  and  ^— their  values  from  equations  C^O),  i  set  of  three 
dz    dz  dz 

simultaneoua  equations  is  obtained  involving  the  three  voltages  and 
their  second  derivatives.     By  differentiating  equations  (70)  with  respect 

dT„  dV,        dV, 

-  to  X  and  substituting  for  — ,  —  and  — -  their  values  from  equations 

dx    dz  dz 

(69),  a  similar  set  of  simultaneous  equations  ia  obtained  involving  the 
three  currents  and  their  second  derivatives. 
The  two  sets  of  equations  are 


D«V,  =  a,V,  +  a,V,  +  a,V,l 
D*  V,  =  b,T,  +  b,V,  +  b,  V J 
D'T,  =  o,T,  +  cT,  +  o,Vj 

:,  =  a,I,  +  b,I,  +  0,1,1 
;.  =  a,I,  +  b,I,  +  0,1,  [ 
:.  =  aA  +  1>A  +  o.lj 


D'l, 

D'l,  =  a;i,  +  b,I,  +  0,1  J  (72) 

D'l,  -..-.-  I 


D  is  the  symbolic  operator  denoting  derivative  with  respect  to  z,  D* 
therefore  denotes  the  second  derivative  with  respect  to  z. 

The  coefQcients  a„  a„  a„  etc.,  are  combinations  of  the  admittances 
and  impedances  per  utiit  length  as  follows: 

a,  =  Z„T„  +  Z„T„  +  Z„T, 

a.  =  Z„T„  +  Z„T„  +  Z„T, 
a.=.Z„Y,.  +  Z„T„  +  Z„T. 

b,  =  Z„T„  +  Z„T„  +  Z„T, 
b,  =  Z„T„  +  Z„T„  +  Z,.T,.|  (73) 

b,  =  Z„T„  +  Z„T„  +  Z„T, 

c,  =  Z„T„  +  Z„T„  +  Z„T, 
e,  =  Z„Y„  +  Z„T„  +  Z„Y, 
e,  =  Z„T,.  +  Z.T„  +  Z..T. 

Eliminating  T,  arid  V,  from  equations  (71)  a  sizth  order  differential 
equation  in  T,  is  obtained. 


(74) 


[D*  —  D'  (a,  +  b,  +  c.)  +  D»(a,b,  +  ..c,  +  b^o,  — "I 
a,e,  —  b,a,  —  b,c,)+a,Cib, -j- bia,c, -|-b,e,a, —     V,=0 
a,biC,  —  ajbgC,  —  ai0,b,  i 

The  differential  equatioria  for  V,',  Y,  and  also  for  the  three  currents 
are  identical  with  (74)  ezcept  that  V„  V„  I„  f,  and  !„  respectively. 
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r^laee  V^.  Henee  it  is  noeesauy  to  solve  only  one  differential  eqoBtioii. 
The  suziiiaiy  equation  ia 

m'  — Am*  +  Bm'  +  C  =  0  (75) 

The  coefficients  of  m  in  (75)  are  identical  witb  those  of  D  in  equation 
(74).  This  equation  is  a  cubic  in  m*  and  may  be  solved  by  Cardan's 
method.    Let  the  roots  of  tiie  equation  be 

m*,  — -  ui,j  Tn«f  -^^  ^ts  Difcj  -^  m« 
Then  the  general  integral  equations  are : 
Vi  ::=      Aj  cosh  m^x  4-  Bi  sinh  niiX  +     Aj  cosh  m,x  +  \ 

B,  sinh  niaX  -}-        A,  cosh  m,z  -f  B,  sinh  m,r       I  ' 

V,  =  h, ( Aj  eodi  m,x -I- B,  sinh  ni,x) 4- h»( A,  ooah  m^  +  ( 

B,  sinh  m|X]+  h,(A,  cosh  in,x  4-  B,  sinh  m^)    I 

^1  =  Pi  (-^1  coah  m,x  -)-  B,  sii^  m^x)  4-  Pj  ( A,  eoah  m^  -|-  \ 

Bj  sinh  m,x)  -j-  P(( A,  cosh  nigX  4-  B^  sinh  m^)     / 

Ii  =  6^(6,  coahm^x  + A,  sinhni,x)-f-  e((B|C06hntiX  -|-  \ 

A,  sinh  mpt)  +  e,  (B.  coah  m,x  +  A,  sinh  m,x)      I 

I,  =  f,(B,  cosh  m,!  +  A,  sinh  m,x)  +  ft(B,  co8hni^+  ( 

A,  sinh  m^)  +  f,(B,  coah  ni,x  +  A,  sinh  m,x)      ( 

I,  =  gL(B,  cosh  miX4- AiainhniiX)-!- gt(B,co8hm,X'4-  I 

A,  sinh  m,x)-{-  g((B,  coeh  m,x  +  A,  sinh  m,x)     / 

A^,  B,,  A„  B„  Aa,  B,  are  constants  of  integration.    The  coefficients 
'^i  ^if  Pi>   P11  ^^'1  ^re  complicated  functions  of  the  impedances  and 
admittances  per  unit  length  of  the  circuit. 
The  expression  for  the  residual  voltage  is 

ER  =  (l  +  h,  +  p,)(A,  ooshm,x  +  BiBinhm,x)l 

+  (1  +  h.  +  Pt)  (A,  cosh  m,x  +  B,  sinh  m^)  [      (78) 
+  (1  4-  h,  +  p.)  (A,  oosh  m^  4-  B»  sinh  ni,x)J 

AppHeation. 

To  apply  these  equations  for  the  computations  of  the  residual  voltage 
of  any  given  case  it  is  neeesaary  to  evaluate  the  constants  of  integration 
in  terms  of  the  given  terminal  conditions. 

Consider  a  nontransposed  line  of  length  L  isolated  from  gronnd 
throughout  with  the  receiving  end  open,  and  enei^;i2ed  at  the  sending 
end  with  voltages  between  pairs  of  conductors: 

— v,  +  y,=E„ 

—  V, +  V,  =  E„ 
At  x=  0    8inhx  =  0    coehx  =  l  (80) 

hence 

B„=(li,-l)A,+(Ii,-l)A,+  (h._l)A.  )      ,.,, 

Also  at  x^O,  Ij  +  I, +  1,^0  since  the  line  is  isolated; 
therefore  0=(e,+£,+gJB,+  (e,+t,+g,)B.+  (e,+f,+g,)B,      (82) 
At  i  =  L,  I,  =  I,  =  I,  =  0  (83) 

since  the  line  is  open  circuited.  ,^  , 
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Stibatituti&g  L  for  x'  snd  the  Valaes  of  the  eurrentB'  ftnd  aolving  for 
B„  Bj  and  B, 

■  B,P=-^Aitaiihm,Ll 
B,  =  — A.tanhn^LV  (84)  „ 

*  '  Bj  =  — 'A,  tanh  mjLj 

Therefore  (82)  becomes:  ■, 

0=(e,  +  fi  +  g,)  A.tanhai,L+  (ej-|-l,+ g,)  A,tanhm,L  ;  ,„, 
-|_  (e,  +  f,  +  g,)  A.  tanh  m,L  )  ^'"*' 

Equations  (81)  and  (85)  may  be  solved  for  A„  A,  and  A,  and  B„  B„ 
and  B,  obt^oed  from  (84).  .         / 

Wben  the  vahiea  of-  the'  constants  'o£  iotegratioa  thus  determined  are 
substituted  in  (78)  the  residual  voltage  may  be  obtained  for  any  point 
on  the  line  'by  substituting  in  the  equation  the  value  of  x.  ', 

The  solution  for  other  terminal  conditions  may  be  carried  out  in  a 
similar  mapner.  However,  the  evaluation  of  the  constants  of  integration 
is  in  generil  more, difficult  than  m  the, case  oonsidercd  above.    ■ 

Since  all  the  coefficients  above  axe  complex  quantities  it  is  readily 
seen  that  t^e  lafaov  involved  in  a  numerical'  solution  of  a  given  nasfl  is 
very  great. 
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CHARACTERISTIC    RESIDUAL   VOLTAGES  OF  TWIN    HORIZONTAL 

J    JTMREE-FHASE-OHHXJPre.'  ■■     '■■':■■<      : 
FebniaiT'2S,  lUT. 
MsmorKi>du[<i--SmipleiiieBtijis  .Teclinlcal  Bepon  No.  ,^1. 
This  memorandum  presents  the  results  of  a  study  of  the  characteristic 
residual  voltages  of  a  representative  case  of  twin  horizontal  three-phase 
circnits.    Six  different  methods  of  interconnection  of  the  two  circuits 
for  parallel  operation  were  considered.    The  dimensions  are  shown  on 
the  accompanying  drawing.    This  drawing  which  is  similar  to  drawing 
Xo.  365  attached  to  techDical  report  No.  51,  gives  the  diagrams  of  th^ 
various  interconoections  for  parallel  operation  witji  the  capacitances  to 
ground  of  the  conductors  of  the  circuits  in  parallel.     For  comparisoii 
these  are  also  given  for  one  of  the  circuits  with  the  other  absent. 

OMKTnOIVinDtMaVUTMESAIVOWWfrAHCC'TOeniMOrCOMUCT^  " 

SINOLE  AMD  TWIN  HOI?IZONTA(.  T>1irEC-PnMC.C1IKUIT9 

E,p<biiW<*wf»tfelejidual\felf«g«1ofcrctirfof  &l^KftfTh^»P^o^e*^l™9^b^t^rtCT5JnA)cto^3■ 
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The  method  of  intereonnectibn -giving' the' smaliesrt;  residtiftl  ToWagftS 
is  No.  2,  whereby  similarlj^  loeattfd  (right.-aiiddle'aini  )tfl)  coUdnetat^ 
of  the  two  circnits  are  at- e6^mon  pdt^tialS:'  Th^  'metfaoii  giving 
the  largest  rewflual  voltage^  ia  No, -1,  Whereby  symmetrically  'located 
(ontoide,  middle  and  inAidie?  A>«dn't!tot%  of-  the'  two  citcnivs  ar6'  stt 
cmnmon  potetttifels.'  In  this  ease  the  residual 'voUkg^'ofefech  clrcitit 
is  84  per  cent  greater  thari'that'Of 'the'con'Ssponding  sirigle-circbit ling. 
The  r«minarvolta&eB  ftfr  method  No.  4  are' practicalty  the  Same  aS  for 
method  No.  I.-  For  mcthbd  No.  9  th*  i^idual  Vdttages' ate  pi-actlcMlly 
aqnal  to  thart  of  thecbrresp<tndinig:«ingIe-C5t'cmt'li'oe;  ■MithodsS'ttbd  6 
give  Twidoal  voHag«s  one-half  those  of  ibethod'No:  l.'''  ■''•■■■■'■-  '  ■  ■"■ 

Tlie  eapacltanttft  of  the  siXoondufttowWtBe  tWin  circtiitS  to  rittiltitile 
to  ground  is  about  40  per  cent  gre!dt)Wth*ri  thfafftf  thft'tlirtJefeb'ndilcftfA 
of  a  corresponding  single-circuit  line. 
ReqyectfuUy  submitted. 

(Signed)     liiviNaSTON  P.  Ferris, 

Assistant  Field  Engineer. 
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MEASUREMENT  OF  MReCT  ADMITTANCE  UNBALANCES. 

Jnly  1«,  1W7. 
Memorutdum  supplementing  Technical  Report  No.  51. 

The  method  of  obtaining  the  direct  admittance  unbalances  of  a 
system  of  three  conductors  and  ground,  described  in  technical  report 
No.  51,  InTOlves  the  measurement  of  the  unbalances  of  the  eondnctois 
in  pairs  with  the  third  conductor  alternately  grounded  and  isolated  and 
the -meaanremeDt  of  the  total  admittances  to  ground  of  various  eombina- 
tions  of  conductors.  From  these  measurements  the  direct  admittance 
unbalances  may  be  derived  by  a  tedious  mathematical  process. 

Drawing  No.  3S0  attached,  ?hows  a  schematic  diagram  of  connections 
of  a  method  proposed  for  measuring  these  unbalances  directly.  This 
method  is  an  extemaon  of  that  described  in  technical  report  No.  40, 
auxiliary  apparatus  being  added  to  bring  the  "idle"  conductors  of  the 
system  to  the  potential  of  the  pair  whoa*  onbalancea  are  desired.  In 
general,  by  the  adjustment  of  two  variable  condensers  and  two  variable 
resistances  the  terminals  of  all  three  conductors  are  brought  to  a 
common  potential.  Differences  of  the  direct  capacitances  and  direct 
conductances  of  pairs  of  conductors  are  measured  in  turn  by  transpaeing 
the  connection  between  the  apparatus  and  the  conductors  under  test. 
Two  measurements  are  sufGcient  to  determine  all  the  unbalances,  three 
measurements  afford  a  cheek  on  the  results. 

If  there  are  more  than  three  conductors  the  idle  conductors  may  be 
joined  together  in  the  pceition  of  conductor  "a"  shown  on  the  diagram. 
When  the  capacitances  and  conductances  to  ground  of  all  three  con- 
ductors are  approximately  equal,  then  B,  should  bs  approximately 
equal  to  B^  and  R,  approximately  equal  to  B^.  If  the  capacitance  and 
conductance  of  the  idle  conductor  or  group  of  conductors  are  greater, 
then  R,  should  be  proportionately  less  than  B,  and  B,  legs  than  B,. 
Fine  adjustment  of  potential  of  the  idle  conductor  or  conductors  should 
be  made  with  Bi  and  C^.  Several  trial  adjustments  will  be  neeessaiy 
before  obtaining  silence  with  the  receiver  in  both  positions.  The  final 
adjustment  should  be  made  with  the  receiver  cooneoted  between  the 
two  conductors  whose  unbalances  are  desired,  as  an  error  in  setting  of 
'  G  and  r  affects  the  result  directly  and  by  the  full  amount  of  the  inooi^ 
rect  settings,  whereas  an  error  in  adjustment  of  the  auxiUaiy  rheostat 
(B,)  and  condenser  (0,)  oontrolling  the  potential  of  the  idle  ooudnetor, 
has  relatively  less  effect  on  the  result. 
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If  the  eondnctanees  are  n^ligible,  the  circuit  mt^y  be  simplified  by 
eliminating  R„  B.  and  Ci,  the  necenary  control  of  the  potential  of 
the  idle  conductor  beings  obtained  by  varying  R,. 

ReepectfnUy  sobmitted. 

(Signed)     Livingston  P.  Fbbbis, 
Aaaiatant  Field  Engineer. 


Attacbed:  p.  I.  C  Dnwinc  No.  I 
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3-  INTRODUCTION, 

Oatlining  object  and  scope  of  report. 
IL  EXPEBIMBNTAIt  tNTSffSIOATION. 
A — Dwcription  of  Te«ts, 

1.  TranamiMioB  Uba. 

2.  £iiert7  Sapplr- 

S.  Proceanza  tor  Test*. 
B— lUaolta  d  Teats, 
C — Diaciuaioii  of  Reaults. 
IIL  THEORETICAI,  TRHATMBNT. 
A — Goieral  DerelopmeDL 
B — Application  t*  San  Fernando-SomiB  Una. 


(a)  from  measured  c 
(&)   from  compD ted  cotutantB. 
C— pDblidied  Data, 
IV.  CONCLUSIONa. 

Reaidaal  voltase — realdnal  carreat — dJTiaion  of  reaifca!  carrSDt — nnbalaiiced 
cfaargiDK  cnrrenlH— compariaon  with  normal  diarsinf  cnrrenta — load  cnr- 
rents — llmltationa. 

I.  JjOrodiiatian. 

The  object  of  this  report  ia  to  eonsider  the  nlationships  between 
the  residQals  of  both  voltage  and  current,  produced  by  the  abnotmal 
condition  of  a  gronnd  on  one  phase  of  a  normally  iaolated  tJiree-phaae 
HTBtem,  and  the  voltage  and  line  constants  of  the  system. 

The  report  contaioa  the  results  of  tests  made  to  determine  the 
residuals  produced  by  deliberately  grounding  one  phase  of  a  line  ener- 
gized as  an  isolated  system.  The  subject  is  also  treated  theoretically  in 
order  to  present  a  rational  explanation  of  the  observed  results  and  to 
make  the  conclusions  more  generally  applicable  to  other  oaseB.  As  a 
verifieatatm  of  the  theoretical  couAhuions  the  oomputad  values  of  the 
residuals  and  unbalanced  charging  currents,  for  eonditions  correspond- 
ing to  the  teste,  are  compared  with  the  observed  values.  PuUished 
information  on  the  subject  is  reviewed  and  compared  with  the  results 
obtuned  in  the  tests  and  theoretical  study. 
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n,  Experimental  Investigatioii  (Hay  26,  1915). 
A — Description  op  Tests. 

1.  Trarmmsion  Line,. 

The  transmission  line  involved  in  these  tests  was  placed  at  the  disposal 
of  the.  CjHuinittee  by-the  F^cific  Light  and  Power  Carporatisrt  This 
line  extends  frffin  the  field  labCKatior;  in  San  Fernando  to  Somis.  Data 
in  regard  to  this  line  are  as  follows: 

Length :  36.7  miles. 

Conductors:  No.  4  B&S  gauge  solid  copper  for  79%  of  the  dis- 
tance, No.  2  B&S  gauge  copper  (some  stranded  and  some  solid)  for 
the  remaining  21%  of  the  distance  in  4  sections. : 

Configuration:  vertical. 

Supporting  structures;  poles  90%  ;  A-frames  10%. 

Spacing  of  conductors :  on  poles  5  feet,  on  A-frames,  6  feet. 

Average  height  of  top  cross  arm :   50  feet. 

Transpositions :  the  line  is  divided  into  six  equal  sections  by  five 
transpositions,  forming  two  barrels. 

Insulators :  Pin  tjT)e  (Locke  408-A)  except  at  crossings,  comers, 
dead  ends  and  A-frames  where  douhle  disfe  insulators  are  used. 
Normal  voltage  between  wires:  15  kV. 

Telephone  circuit;  No.  9  BWG  iron,  carried  on  pins  1  and  3  of 
an  8  pin,  9  ft.  cross  arm  placed  11  feet  below  lower  cross  arm  of 
power  circuit.  The  telephone  circuit  is  on  the  opposite  side  of  pole 
from  power  circuit. 

2.  Ener0y  Supply. 

The  line  was  energized  at  the  Committee's  temporary  substation 
through  two  banks  of  37.5-kVA.  transformers,  from  the  15-kV.  network 
of  the  Pacific  Light  and  Power  Corporation.  The  conn«otions  of  these 
two  banks  of  transformers  were  as  follows : 

Step-dowa  bank,  delta-delta  """^ao- 

Step-up  bank,  delta-delta  22%8ooo- 

At  the  Somis  end  of  the  line  there  was  a  bank  of  15-kVA.  trans- 
fonners,  which  was  connected  to  the  line  at  times  during  the  course 
of  the  tests  td  determine  the  effect,  if  any,  of  tying  the  phases  together 
by  a  transformer  bank  at  the  feeeiving  «nd  of  the  line,  the  normal  con- 
dition for  a  line  in  service.  The  connection  of  the  Somis  buik  of 
tra»9form«Es  was  interconnected  star-delta  with  high-tension  neutral 
isolated.  This  type  of  connection  was  employed  for  other  tests  and  it 
w48.not  cDOsidiji.'ed'imjHirtant  enough  for  the  purposes  of  these  particular 
tests  to  ehsingvisM  fotiiicttion  to  a  type  more  commonly  employed. 
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3.  Procedure  for  Tests. 

Banks  of  current  and  potential  transformers  were  arranged  for  meas- 
uring the  line  eurrents  and  voltagea  and  residtial  current  and  roltage. 
Means  were  provided  for  grounding  one  phase  (phase  3)  either  on  the 
line  side  or  on  the  supply  side  of  the  current  transformers.  A  5:5 
cnrrent  transformer  was  placed  in  the  ground  connection  to  measure 
the  ground  current  aa  a  <^eck  upon  the  measurement  of  residual  current 
by  the  usual  method. 

Observations  of  line  and  residual  currents  and  voltages  were  made 
both  with  the  line  isolated  and  with  one  phase  grounded,  the  location 
of  the  "ground"  being  changed  with  respect  to  the  bank  of  current 
transformers.  For  lite  grounded  condition  the  ground  connection  was 
always  made  prior  to  energizing  the  line.  The  switching  was  done  on 
the  low-tension  bus-wires  between  banks  oE  transformers. 

Some  observations  were  made  on  the  telephone  circuit  under  the 
abnormal  condition  of  the  power  circuit. 

The  results  of  the  tests  together  with  a  statement  of.  the  conditions 
applying  in  each  case  ate  given  in  the  following  section  of  this  report. 

B — Rbbults  of  Test: 
The  results  of  the  test  are  given  in  the  following  tables  which  snm- 
tnarize  the  data. 
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=  current  In  ground  connection ;  other  aymbols  have  usual  me 
=  in^plr  Bide  current  trenrfomiera;   Out. —line  aide  current 
mdltlon  at  SOmla  Indicated  tliUi : 
I  ^  line  open  and  laolated. 

T  =  line  connected  to  Interconnected  atai^elta  tnuufurmerB,  neutral  laolated. 
SO  =  phase  3  grounded,  tranatorii     "    '  '-' 
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C — Discussion  op  Kesui/ts. 
An  infection  of  Table  I  shows  that  the  remit  of  grounding  ozw  phaae 
of  the  power  circuit  at  San  Fernando  was: 

(1)  to  cause  a  residual  voltage  equal  to  three  times  the  normal 

voltage  between  lines  and  ground ; 

(2)  to  cause  a  residual  current  equal  to.  approximately  1.4  times 

^e  normal  charging  current  per  phase; 

(3)  to  unbalance  the  line  currents  in  such  a  manner  as  to  increaae 

the  charging  currents  of  the  two  non-grounded  phases  to  1.3 
times  normal,  and  the  current  of  the  grounded  phases  to 
1.9  times  normal ; 

(4)  to  decrease  the  current  of  the  grounded  phase  on  the  Une  ade 

of  the  fault,  to  0.51  times  normal. 

An  explanation  of  these  effects  in  terms  of  the  line  constants  is  given 
below  in  section  III,  B,  dealing  with  the  ''Application  of  Theory." 

Inspection  of  Table  I  also  shows  that  the  transformer  bank  at  StHnia 
had  practically  no  effect  upon  the  normal  charging  cuirents  of  the  line 
or  upon  the  currents  under  the  abnormal  condition  of  a  ground  on  one 
phase.  As  the  transformers  were  of  small  capacity  and  under  no  load 
it  is  not  to  be  expected  that  they  would  have  much  effect.  A  further 
point  to  be  noted  from  the  table  is  that  gnmnding  one  phase  at  both 
ends  of  the  line  produced  no  appreciably  different  results  from  those 
obtained  by  grounding  that  phase  at  the  supply  end  of  the  line  only. 
Also  as  to  the  unbalanced  charging  currents  supplied  to  the  line  it 
makes  no  difference  whether  the  ground  be  at  the  supply  end,  far  toid, 
or  at  points  intermediate.    - 

The  observations  on  the  telephone  circuit  (see  Table  II)  were  merely 
incidental  to  the  observations  on  the  power  circuit.  They  show  a  very 
large  longitudinal  electrostatically  induced  voltage  on  the  telephone 
circuit  due  to  the  abnormal  residual  voltage  produced  by  grounding 
one  phase  of  the  power  circuit.  This  voltage  of  the  telephone  circuit  to 
ground  amounted  to  2.6  kilovolts  with  the  telephone  circuit  clear  at 
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both  endfl,  T^t  current  to  grotind,  when  the  telephone  circuit  was 
gronnded  at  one  end,  amounted  to  approximately  0.5  ampere.  The  fact 
that  the  effect  is  chiefly  electrostatic  is  shown  very  clearly  by  the 
decrease  in  the  short-circuit  current  to  ground,  due  to  grounding  the 
far  end  of  the  telephone  circuit  at  Somis  (decrease  from  .50  to  .31 
ampere,  38  per  cent).  The  ground  at  the  far  end  offered  a  shunt  pati 
to  part  of  the  electrostatically  induced  charges.  Grounding  the  circuit 
at  the  far  end  also  had  the  effect  of  greatly  increasing  that  component 
of  the  short-circuit  current  due  to  electromagnetic  induction  from  the 
residual  eurrent,  by  affording  a  relatively  low-impedance  path  for  this 
component.  The  computed  value  of  the  current  at  San  Fernando  with 
the  circuit  grounded  at  that  end  only,  ia  0.476  amp.  The  computed 
values  of  the  eurrent  to  ground  with  the  circuit  grounded  at  both  ends 
are  given  below.  The  electromagnetic  component  is  chosen  as  the 
vector  of  reference  since  the  phase  of  this  component  is  practically 
the  same  at  all  points  on  the  circuit. 

atiort-ClreuJt   Current   tv  Qround — Ampere*. 

Telaphona  Circuit  Qntundad  it  Both  knde, 
Sku  PemuidD       Somie 
Electrom&BDetlc       0.073  /O^  0.073  /O^ 

Electrostatic  0.338  /— 78*         0.338  /103' 

Total  oaas  f^^        0.235  ^84^ 

Xo  meaaurements  were  made  at  Somis,  so  there  are  no  experimental 
results  to  compare  with  the  computed  value  of  the  current  at  that  point. 
The  computed  values  given  above  indicate  a  decrease  of  45  per  cent  in 
the  cnrrent  at  San  Fernando  due  to  grounding  the  circuit  at  Somis. 
This  decrease  is  somewhat  greater  than  the  olwerved  decrease.  The 
discrepancy  may  be  due  to  several  causes,  the  most  probable  being;  (a) 
greater  induction  per  unit  lengtit  on  San  Fernando  end  due  to  larger 
conductors;  (b)  irregularities  is  impedance  with  greater  impedance  on 
Somis  emd. 

When,  as  in  this  case,  the  indnctiim  is  chiefly  electrostatic,  the  voltage 
to  ground  of  the  free  end  of  the  circuit  when  grounded  at  one  end  caily, 
is  very  mudi  less  than  the  voltage  with  the  circuit  isolated  from  ground 
at  all  points — see  values  of  open  circuit  voltages  given  in  Table  II, 

DX  neoretical  Treatment. 

A — GhnebaIj  Development. 
Any  transmission  line  may  be  represented  by  a  network  of  eQuivalent 
admittances  connected  between  points  representing  the  several  conduc- 
tors of  the  system,  earth  included.  For  such  a  model  the  value  of  the 
admittance  between  any  two  points  should  equal  the  direct  admittance 
between  corresponding  conductors  of  the  system  represented.  The  direct  . 
admittance  between  conductors  m  and  n  is  deflned  as  the  ratio  of  th^v '  '^ 
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charging  current  of  conductor  m  to  the  difference  of  potential  between 
m  and  n  when  all  conductors  of  the  system  except  n  are  at  the  same 
potential  as  m.  "Direct  admittance"  is  analagous  to  "direct  capaci- 
ance."  For  proof  of  the  statements  of  this  paragraph  see  Alexander 
BuBsell's  "Alternating  Current  Theory,"  Vol.  1,  Chapter  IV.  Bussell 
does  not,  however,  make  use  of  the  terms  ' '  direct  admittance  "  or  "  direct 
capacitance."  Refer  to  technical  report  No.  51  for  definition  of  direct 
capacitance. 

As  it  ifl  possible  to  represent  any  given  tranamiasion  line  by  a  net- 
work of  admittances  so  it  is  posdble  to  consider  the  charging  currents 
of  any  such  system  as  made  up  of  two  sets  of  components :  (1)  oompon- 
enta  Sowing  between  wires  through  the  direct  admittances  between 
wires;  (2)  components  flowing  between  wires  and  ground  through  the 
direct  admittances  between  wires  and  ground.  In  computing  the 
charging  current  of  a  three-phase  system  the  method  almost  oniversally 
employed  is  to  determine  the  equivalent  capacitance  to  "neutral"  and 
then  make  the  calculations  on  a  single-phase  basis.  The  equivalent 
capacitance  to  neutral  takes  account  of  direct  capacitance  to  ground 
as  well  as  direct  capacitance  between  wires. 

Figs.  1  and  2,  below,  represent,  respectively,  models  of  a  three-phase 
iQ'stem  under  normal  cdnditions  and  under  the  condition  of  a  ground 
on  one  phase.  Fig,  3  represents  the  equivalent  star  admittances  (or 
capacitances)  to  neutral,  useful  in  determining  the  charging  current 
under  normal  conditions. 
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E  =•  normal  voltage  between  wires. 

B 

JEo  =  normal  voltage  between  wires  and  ground  = 

V3 
la  =  component  of  normal  charging  current  per  phase  repre- 
sented by  direct  admittance  to  ground  =  EoG. 
G  =  direct  admittance  to  ground  per  phase. 
W  =  direct  admittance  between  wires. 

"Eg^  =a  abnormal  residual  voltage  due  to  a  ground  on  one  phase. 
Ir  =  total  abnormal  residual  current  due  to  a  ground  on  one 
phase. 

Meanings  of  other  symbols  will  be  apparent  from  the  figures. 
AU  the  above  quantities  are  to  be  takep  to  apply  to  the  line  at  the 
point  where  the  "ground"  occurs  and  for  the  fundamental  frequeacy. 
For  the  purpoees  of  this  study  the  residuals  of  the  Bystem  in  normal 
operation  may  be  neglected.  In  other  words  the  system  may  be  fissnaied 
to  be,  normally,  perfectly  balanced  or  symmetrical.  This  assumption  is 
permissible  as  the  unbalances  of  normal  operation  -  are  small  compared 
to  those  of  the  abnormal  condition  treated  in  this  report.  Also,  since  a 
ground  may  occur  on  any  phase  producing  effects  differing  slightly  in 
magnitude,  it  is  well  to  compute  the  results  for  the  average  ease  of  a 
symmetrical  system. 

When  a  "ground"  oecura  on  one  phase  that  phase  immediately 
assumes  ground  potential  while  the  other  two  phases  assume  a  potential 
above  ground  equal  to  the  normal  voltage  betweenwires.  The  voltage 
between  wires  will  remain  sensibly  unchanged.  The  residual  voltage, 
being  tbe  vector  sum  of  the  voltages  between  wires  and  gronnd,  becomes 
the  vector  gum  of  two  voltages  equal  iti  biagnitude  to  the  voltages 
between  wires  and  60°  apart  in  phase..  This  sum  is  equAl  to  y/S.E 
(173  per  cent  of  the  voltage  betw«en  wires)  or  3  Ee.  This  relation  is 
stated  in  the  Joint  Committee's  report  of  Jnly  7,  1914.  It  is  to  be 
noted  that  this  residual  voltage  extends  over  the  entire  system,  practi- 
cally unchanged  in  magnitude. 

The  total  residual  current  in  the  event  of  a  "ground"  becomes  tbe 
vector  sum  of  the  charging  currents  to  ground  of  the  two  nongrouoded 
phases.  As  noted  above  the  voltages  to  ground  of  these  phases  become 
V^  times  normal,  hence  the  ground  components  of  charging  currents 
are  increased  in  the  same  proportion,  equaling  V5  Iq.  These  currents 
are  60  degrees  apart  in  phase ;  their  suir  is  therefore  VS  ■(  V^  lo  :^  3 
Ig.  This  is  equivalent  to  stating  that  the  abnormal  residual  current  is 
cfjual  to  the  charging  current  of  the  three  line  conductors  in  parallel 
when  energized  single-phase  at  a  voltage  to  groond  equal  to  the  normal 
voltage  between  conductors  and  ground. 
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From  the  above  it  i3  to  be  noted  that  the  abnonnal  residual  carreut 
bears  to  the  normal  ground  eomponent  of  charging  eorrent  per  phase 
the  same  relation  that  the  abnormal  residaal  voltage  bears  to  the 
normal  voltage  tb  ground  per  phase,  i,  e.,  in  both  cues  the  former  is 
three  times  the  latter  in  magnitude. 

In  order  to  determine  the  magnitude  and  phase  relation  of  the 
ourrenta  and  voltages  under  both  normal  and  abnormal  eooditions  the 
voltages  applied  to  the  system  represented  by  Figs.  1,  2  and  3  are 
assumed  to  be  as  follows : 


(1) 


Referring  to  Fig.  1,  representing  a  model  of  a  line  under  normal 
conditions,  the  following  relations  hold  for  the  charging  currents. 
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TheTalae  of  3W  -|-  C^  is  the  tidbuttance  of  the  equivalent  ototdnasers 
in  terms  of  the  direct  admittances  between  wires  and  between  wires 
'and  grobndr— see  Fig.  3^.  This  valne  of  the  admittance  of  ea(^  of  ibe 
-equiviilent  oondendtrs  is  equid  to  double  the  admittance  between  any 
two  oooduetors  as  meSssrod  with  the  other  conductor  gronnded,  m* 
iat^ted. 

Consider  the  case  with  one  phase  grounded  nliich  is  represMted  by 
Pig.  2: 

Residual  current,  Ir  =  EV3G/180^  (6) 

Ground  current,  lo  =  EyS  GyO°  (7) 

.'  Current  in  nongrounded  phases, 


r.=E((}.  +  3aw+3tf.)  *./to-_^g  +  7^, 


=  E(G-  +  3QW  +  3W)  J/ten-^^g|^ 


(8) 
(9) 
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Cnrrent  in  grounded  phase,  supply  side  of  fault, 

I',  =  EV5  (W  +  G)  /O^  (10) 

Current  in  groanded  phase,  beyond  fault, 

I",  =  EV3W^  ■  (11) 

From  (2)  and  (6)  the  ratio  of  the  msgnitade  of  the  abnormal  residual 
enrrent  and  nomtsl  charging  current  per  phase  is, 
Ib         3G 


I     3W  +  G 


(12) 


The  Values  of  the  suseeptauce  components  of  W  and  G  are  each 
dependent  differently  upon  the  configuration,  separation  between  con- 
ductors, height  of  conductors  above  ground,  and  size  of  conductors. 
Since  in  practice  the  factors  separation,  configuration,  height  and  size 
of  condaetors  all  vary  independently,  there  is  no  fixed  relationship 
between  "W  and  G  for  three-phase  lines,  hence  there  can  be  no  general 
simple  mathematical  relation  between  abnormal  residual  current  and 
normal  charging  current.  By  considering  a  number  of  typical  trans- 
mission lines  it  is  possible  to  determine  an  empirical  relation  giving 
approximate  limits  for  the  abnormal  residual  current  in  terms  of 
normal  charging  current. 

Vector  diagrams  showing  the  effects  of  a  ground  on  the  voltages  and 
charging  currents  of  a  normally  isolated  three-phase  line  are  given  on 
P.  I.  C.  No.  301,  illustrating  graphically,  the  unbalancing  effects  which 
are  indicated  mathematically  by  the  foregoing  equations.  These  dia- 
grams represent  particularly  the  case  of  the  San  Fernando-Somis  line, 
discussed  below,  but  they  may  be  taken  as  indicative  of  the  general 
effects  on  any  line.  The  diagrams  illustrate  how  the  actual  unbalanced 
charging  currents  may  be  resolved  into  balanced,  residual  and  single- 
phase  components.  The  four  current  diagrams  are  drawn  to  the  same 
scale. 

Figs.  1  and  2  represent  the  effect  of  a  ground  at  the  supply  end 
of  the  line.  Fig.  1  shows  the  currents  on  the  supply  side  of  the  ground 
and  Fig.  2  shows  the  currents  immediately  beyond  the  ground.  Fig.  1 
also  shows  the  currents  at  the  supply  end  of  the  line,  due  to  a  ground 
at  any  point  along  the  line.  Figs.  4  and  5  show  the  effects  of  a  ground 
at  a  point  distant  %  of  the  full  length  of  the  line  from  the  supply  end. 
F^g.  4  shows  the  currents  on  the  supply  side  of  the  ground  immediately 
adjacent  to  the  ground;  Fig.  5  shows  the  currents  immediately  beyond 
the  ground. 

Fig.  1  shows  that  the  unbalanced  currents  at  the  supply  end  may  be 
resolved  into  two  sets  of  components,  balanced  and  single-phase.    The 
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balanced  components  are  identical  in  magnitude  and  phase  with  the 
charging  currents  of  the  line  under  normal  conditions.  The  single- 
phase  components  in  the  two  nongrounded  phases  are  equal  in  magni- 
tude to  }4  of  the  total  current  to  ground  and  opposite  in  time  phase 
thereto.  The  circuit  for  these  single-phase  components  is  completed 
by  the  grounded  phase  in  which  the  single-phase  components  sum  up 
to  %  the  total  current  in  the  ground  connection  and  are  in  time  phase 
with  it. 

In  Fig.  i  the  actual  unbalanced  currents  are  resolved  into  three  sets 
of  components,  balanced,  single-phase,  and  residual.  The  balanced 
components  are  equal  in  magnitude  to  the  normal  charging  carrenta  at 
a  point  distant  %  the  length  of  the  line  from  the  supply  end.  The 
single-phase  components  are  the  same  in  magnitude  and  phase  as  the 
single-phase  components  at  the  supply  end  of  the  line.  The  residual 
components  are  equal  in  magnitude  to  ^  the  residual  current  for  the 
section  of  line  between  the  supply  end  and  the  fault,  which  in  turn 
is  equal  to  y^  of  the  total  current  to  ground.  The  phase  relationships 
among  the  several  components  will  be  apparent  from  the  figure. 

Pig.  2  shows  the  currents  on  the  line  side  of  a  ground  when  it  occurs 
at  the  supply  end  of  the  line.  The  actual  unbalanced  currents  may  in 
this  case  be  resolved  into  balanced  and  residual  components.  The  bal- 
anced components  are  the  same  as  the  normal  charging  currents  of  the 
line.  The  residual  components  are  equal  to  %  the  total  residual  current 
of  the  line  and  are  opposite  in  time  phase  to  the  normal  charging  current 
of  the  grounded  phase. 

Pig.  5  shows  the  currents  immediately  beyond  the  ground  when  it 
occurs  at  a  point  distant  %  the  length  of  the  line  from  the  supply  end. 
The  condition  is  exactly  similar  to  that  represented  by  Pig.  2,  all  the 
currents  being  reduced  in  magnitude  in  proportion  to  the  distance  from 
the  supply  end  of  the  line. 

Fig.  3  shows  the  voltage  unbalance  at  all  points  on  the  line  due  to 
a  ground  at  any  point  on  the  line.  The  actual  unbalanced  voltages  to 
ground  may  be  resolved  into  balanced  and  residual  components.  The 
balanced  components  are  equal  in  magnitude  to  the  balanced  compon- 
ents under  normal  conditions  at  the  point  where  the  ground  occurs. 
The  residual  components  are  equal  in  magnitude  to  the  balanced  com- 
ponents and  opposite  in  phase  to  the  balanced  component  of  the 
grounded  conductor.  A  comparison  of  the  voltage  and  current  diagranas 
will  show  the  relative  phase  angles  of  the  components  of  the  voltages 
and  currents. 

In  the  current  diagrams  the  componente  of  the  unbalanced  eurrents 
on  the  supply  side  of  the  ground  include  in  each  case  a  single-phase 
component  in  the  grounded  conductor  whidi  divides  equally  in  the 
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noDgroanded  condiietoi^.  Thus  this  method  of  analysis  as^gus  single- 
phase  components  to  all  condoctors.  This  \b  done,  in  this  instance,  in 
preference  to  the  use  of  single-phase  components  in  only  two  of  the 
eondnctors,  as  it  is  simpler  and  permits  the  use  of  balanced  components 
eqnal  to  the  normally  balanced  charging  currents  at  the  point  in 
qnestion.  Also,  it  follows  directly  from  the  use  of  equivalent  admit- 
tances, Figs.  1  and  2. 

The  diagrams  are  drawn  on  Oie  assumption  of  a  symmetrical  line, 
*.  e.,  a  line  which  normally  gives  rise  to  no  residuals.  For  an  unsym- 
metrical  line,  Aerefore,  the  diagrams  will  not  exactly  apply  as  the 
nugnitudes  and  phase  relationships  will  vary  slightly,  dependent  upon 
which  conductor  becomes  grounded. 

Xo  consideration  has  been  given  in  this  discussion  to  load  currents, 
as  it  has  been  assumed  in  all  cases  that  the  line  was  luider  no  load,  being 
open  circuited  at  the  receiving  end.  All  the  diagrams  are  drawn  on  the 
basis  of  this  assumption.  Except  in  so  far  as  it  affects  the  voltages 
between  wires,  the  effect  of  a  ground  will  not  alter  the  strictly  load 
components  of  the  currents.  Hence,  in  order  to  represent  the  unbalanced 
currents  due  to  the  occurrence  of  a  ground  under  load  conditions  it  is 
necessary  simply  to  superpose  (add  veetorially)  the  load  components 
of  current  upon  the  unbalanced  charging  currents.  The  existence  of  a 
heavy  load  would  obviously  tend  to  make  less  apparent  the  unbalancing 
effect  of  a  ground. 

Reference  is  made  above  fo  the  total  residual  current  by  which  is 
meant  the  current  in  the  contact  between  line  and  ground.  Should  the 
fault  be  at  one  end  of  the  line,  the  total  residual  current  will  all  flow 
in  the  one  direction  from  the  fault.  The  magnitude  of  the  residual 
eorrent  decreases  to  zero  at  the  other  end  of  the  line.  This  decrease 
ii  very  closely  a  linear  function  of  the  distance  from  the  fault,  assuming 
Dniform  line  construction  and  a  line  whose  length  is  a  small  fraction 
of  a  wave  length  for  the  fundamental  frequency.  Should  the  fault  occur 
at  a  point  intermediate  between  the  ends  of  the  line  the  total  residual 
eorrent  will  divide  at  the  point  of  contact,  part  flowing  in  each  direction. 

The  following  relations  hold,  the  primes  (')  and  seconds  (")  referring     ■ 

to  the  sections  of  line  in  the  two  directions  from  the  ground. 

Ih  =  I'k  +  I"e     (veetorially} 

1'b      G' 
Tr;;-=-— -  (vcctorially) 

It  follows  that  the  total  residual  current  divides  approximately  in 
proportion  to  the  lengths  of  line  on  the  two  sides  of  the  fault.  The 
d^ree  of  approximation  in  this  statement  is  dependent  upon  the 
similarity  of  the  line  characteristics  in  the  two  directions, 
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No  mention  has  been  made  heretofore  of  the  effect  of  the  contact 
and  ground  resistances.  As  an  isolated  system  increases  in  extent  its 
admittance  to  ground  increases.  For  a  very  large  system  the  contact 
and  ground  resistances  may  therefore  appreciably  affect  the  total 
admittance  in  the  residual  current  circuit. 

A  more  rigorous  deduction  of  the  relationship  of  abnormal  residual 
current  and  line  constants  is  given  below : 

The  charging  currents  of  a  system  of  three  conductors  and  earth 
for  any  condition  of  equilibrium  with  alternating  potential  differences 


I,  =  T,,V,  +  T„V,  +  T„V, 
Ik  =  I.  +  I.  +  I, 


(1) 


(2) 


The  Y's  in  the  above  equations  are  admittance  eoefficienta  and  are 
analogous  to  Maxwell's  coefficients  of  capacitance  and  electrostatic 
induction  which  enter  into  equations  connecting  the  charges  and  poten- 
tials of  a  system  of  electrical  conductors  in  a  dielectric  medium.  The  V's 
are  the  differences  of  potential  between  the  three  line  conductors  and 
ground. 

From  (1)  and  (2), 
1«=C  Y„+T«+T«)  Y,+  (T„+Y„+ Y„)  V,+  ( Y.,+Y„-i-Y„)  T,  (3) 

By  definition  the  direct  admittance  to  ground  of  any  conductor  of 
this  system  is  the  ratio  of  its  charging  cuirent  to  ita  potential  to 
ground,  when  all  other  conductors  are  at  its  potential.  In  other  words  if 
We  connect  all  three  conductors  in  parallel,  energize  them  at  potential 
y  above  ground,  and  measure  their  several  charging  coirents  we  will 
have  from  (1) 

Ii 


(4) 


T,. 

V 

=  T, 

.  +  Y, 

+  Y. 

I, 

T, 

I, 

=■?, 

+  T„ 

+  Y, 

T, 

V 

=  T, 

,  +  T,.  +  T 

T,„-,  =  T„  +  T„  +  Y,. 
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Therefore,  snbstitnting  in  (3)  the  proper  values  from  (4),  the 
equation  for  Ir  becomes, 

I.  =  Y„V,  +  T„V.  +  Y,.V.  (6) 

In  the  case  of  a  symmetrical  or  balanced  line, 

T.,  =  T„  =  T„  = (7) 

3 

As  stated  before  in  this  section,  it  is  sufficiently  accurate  for  the 
purpose  of  this  study  to  take  tbe  average  direct  admittance  to  ground 
for  the  unBTmnfetrical  case.    Making  this  approximation  equation  (6) 


U  = {V.  +  V,  +  V,)  (8) 

3 

Ir  = Bb  (9) 

3 

In  the  event  of  a  ground  on  one  phase  that  phase  assumes  ground 
potential  (zero)  and  the  other  two  phases  assume  a  potential  above 
ground  equal  to  the  normal  potential  between  wires. 

Let  the  potential  between  wires  be 

E..=.E(-i-jV5>J 
Suppose  a  ground  to  occur  on  pb&se  (3),  then, 
V,  =  E„  =  E(+l  +  i^)| 
V.  =  E..  =  E(-l  +  jV!)  (11) 

v.=o  J 

V,  +  V.  +  V.  =  E,  =  jBV5  (12) 

Therefore,  from  (9)  and  (12), 

Y,„ ,  1 

U  =  i E  V5 

3 

E  (13) 

~'    ""v!      J 

=  iY,^Ea  (14) 


E 

= ^=  normal  voltage  to  ground. 

V5 
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Since  Yuj^  is  tie  admittance  to  ground  of  the  tlirpe  line  conductora 
in  parallc],  the  abnormal  residual  current  is  equal  to  the  charging  cur- 
rent of  the  three  conductors  in  parallel  when  enei^zed  single-phase 
at  a  voltage  above  ground  equal  to  the  normal  voltage  between  condno- 
tora  and  ground  or  "neutral."  It  is  evident  also  that  this  ia  three 
times  the  magnitude  of  the  average  normal  ground  component  of  the 
charging  current  per  phase. 

In  order  to  facilitate  the  application  of  the  results  of  this  study  to 
cases  in  practice,  formulas  are  given  on  P.  I,  C.  No.  266,  attached, 
for  computing  the  capacitance  to  ground  of  three  conductors  in  parallel, 
for  the  more  common  configurations  of  conductora  which  occur  in 
practice. 

B — Application  to  San  Fercjani>(>-Somis  Line. 
The  results  of  two  separate  sets  of  impedance  bridge  measurements 
give  the  following  values  for  the  direct  admittances  (in  micromhos  for  50 
cycles)  of  the  San  Femando-Somis  line.  The  admittances  are  sensibly 
equal  to  the  susceptances  since  the  conductances  at  50  cycles  are 
negligible. 

March  12,1915  June  20,1916  Avengb 

G  79.2  79.2  79.2 

W  28.0  28.1  28.0 

From  measurements  of  the  charging  current  of  the  three  conductors 
in  parallel  the  average  v&Iue  of  G  is  83.7  mieromhosj  5.7  per  cent  higher 
than  the  value  obtained  by  bridge  measurements.  These  measurements 
of  the  charging  current  were  made  at  the  operating  frequency  of  the 
power  system  which  presumably  is  very  close  to  50  cycles  per  second. 

From  computations  of  the  capacitance  of  the  three  conductors  in 
parallel  (formula  for  case  of  vertical  line,  P.  I.  C.  No.  266)  the  value 
of  71.2  micromhos  is  obtained  for  the  average  G  of  this  line. 

Based  on  the  above  three  values  of  the  average  direct  admittance  to 
ground  per  phase,  and  the  line  voltages,  the  following  values  of  abnor- 
mal residual  current  are  obtained  for  comparison  with  the  value 
observed  in  the  tests. 

TABLE  rii. 
Rcildual  Current  Ou«  to  Qround  on  One  PhaM — Amptrti. 


CompUUd  TlLlBB 

OMmdfitiu 

Uauund 

CompdM 
eouUnu 

^.^ 

B»»oel- 

2M* 

2.21 

2.3S 

2.0 

•AvoraBC  of  l^  and  I^  from  Table  I. 
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The  ratios  of  all  the  currents  tinder  the  abnonnal  condition  to  the 
Dormal  chaining  enrrent,  are  given  below;  (a)  from  values  observed 
daring  the  test,  (b)  and  from  computations  based  on  the  measured 
values  of  the  direct  admittances. 


Besldaal  

Grouoded  phase,  supply  side  ol  lault.. 

Grounded  phase,  berond  fault 

Nongrounded  pbaaes  


The  agreement  between  the  ratios  of  the  cnrrents  as  observed  in  the 
test  and  the  computed  ratios  is  very  satisfactory,  the  slight  discrepan- 
cies being  ^thin  the  limits  of  experimental  error. 

Vector  diagrams  showing  graphically  the  results  for  this  line  are 
given  on  P.  I.  C.  Xo.  301,  attached.  These  diagrams,  though  for  this 
line  in  particular,  are  typical  and  were  therefore  discussed  above  in 
connection  with  the  general  treatment, 

C — Published  Data. 

The  results  heretofore  given  in  this  report  had  been  practically  com- 
pleted, when  reference  was  made  to  an  article"  by  George  S.  Humphrey, 
appearing  in  the  Electrical  World  of  November  25,  1911 — Vol.  58,  page 
1300.  This  article  gives  an  analysis  of  the  variations  of  the  charging 
cnrrents  of  a  three-phase  system  when  one  conductor  is  connected  to 
earth.  It  is  of  special  interest  in  connection  with  this  stndy,  for  the 
author  derives  the  fundamental  equations  for  computing  the  charging 
currents  under  any  condition  and  also  gives  several  numerical  examples 
illustrating  the  application  of  the  theory.  The  development  of  the 
theory  as  given  in  this  article  is  somewhat  different  from  that  used  in 
this  report,  but  fundamentally  the  two  treatments  are  the  same.  The 
writer  of  the  article  does  not  use  the  term  "residual  current"  but 
instead  speaks  of  the  "charging  current  supplied  to  the  ground,"  which, 
with  the  exception  of  one  numerical  example,  is  equivalent  to  "residual 
current." 

The  results  of  the  numerical  examples  are  of  such  interest  in  connec- 
tion with  this  study  that  they  are  given  herewith : 

Examine  I.  Flat  spacing,  outside  conductors  12  feet  from  middle, 
height  of  all  40  feet  above  ground.  Conductors  of  7  strands  of  No.  8 
B&S  gauge. 

•Entitled  "The  CtiarglDS  Cuirenta  of  Throft-phaM  Tran>mlsaton  Unaa." 
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Two  eonditioDB  ol  a  grounded. conductor  are  considered:  (a)  outside 
conductor  grounded,  and  (b)  middle  conductor  grounded.  The  ratios 
of  the  several  currents  to  the  normal  charging  current,  under  the  abnor- 
mal conditions  (a)  and  (b),  are  as  follows: 


Qrounded  phase: 
<1)  Supply  Bide  ot  t&ult.. 
(2)  Beyond  fault 


(2)  Outside  conductors  . 


Example  II.  Equilateral  triangular  spacing,  vertex  upward,  base  of 
triangle  25  feet  above  ground.  Conductors  6  feet  apart,  No.  0  B&S 
gauge. 

The  ratios  of  abnormal  currents  to  the  normal  charging  current  for 
the  two  conditions,  (a)  outside  conductor  grounded,  and  (b)  middle 
conductor  grounded,  are  given  as  follows: 


Grounded  phaae: 
(1)  Supply  side  ol  fault.. 
I2>  Beyond  lault 


(2)  Outside  conductors  . 
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Example  III.  Same  as  example  II  with  a  0.25-iDeh  ^roand  wire 
stnui?  three  feet  verticaUy  above  middle  eoDdnotor.  The  resnlta  givea 
for  this  ease  are : 


B.tl. 

AbwnuleunBt 

,„.^1,._. 

aeaidaal: 

(1)  Ground  corapoDent 

(31  Ground  wire  component... 
(31  Total 

Grounded  phase: 
(11  Supply  side  ol  lault 

(2)  Beyond  lnult 

Nongrounded  phaeea: 


Comparing  example  HI  with  example  II,  it  is  to  be  noted  that  the 
effect  of  the  ground  wire  is  to  reduce  the  component  of  the  residual 
eurrent  flowing  in  the  ground.  The  total  residual  current  (vector  Bum 
of  currents  in  ground  and  ground  wire)  is,  however,  increased.  When 
the  middle  conductor  is  grounded  the  total  residual  current  is  equal  to 
the  Domerical  sum  of  the  currents  in  the  ground  and  in  the  ground 
wire,  since  these  currents  are  in  the  same  time  phase ;  when  one  of  the 
side  condnctors  is  grounded  the  condition  is  unsymmetrieal  with  respect 
to  the  groond  wire  and  m  this  case  the  current  in  the  ground  wire  and 
in  the  ground  differ  in  time  phase  by  18  degrees,  hence  the  total  residual 
current  is  slightly  less  than  the  numerical  sum  of  the  two  components. 
On  the  whole,  the  e£Fect  of  the  ground  wire  is  slightly  beneficial  from 
the  standpoint  of  induction  from  abnormal  residual  current,  since  the 
decrease  in  the  ground  eurrent  overbalances  the  added  effect  of  the 
eurrent  in  the  ground  wire.  (For  a  consideration  of  the  effect  of  e 
ground  wire  on  the  residual  voltage  under  normal  conditions,  see 
technical  report  No.  51.)  The  matter  of  inductive  interference  was 
not  considered  in  the  paper  from  which  these  results  are  taken. 

Summarizing  the  results  of  his  study,  the  author  concludes  as  follows : 

"A  grounded  conductor  produces  about  the  same  relative  effect 
for  all  types  of  construction  which  are  used  in  practice.  In  general, 
-with  one  conductor  grounded  the  charging  current  of  the  two 
ungrounded  conductors  beciHnee  approximately  1.35  normal;  and 
that  of  the  grounded  conductor  on  the  aide  of  the  ground  away 
from  the  generator,  approximately  0,50  normal;'the  total  charging 
current  which  must  be  eupplied  to  the  grounded  conductor  is 
approximately  2.10  normal." 
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17.  Conclnsioiis. 

The  coQclusioQs  to  be  drawn  from  thiE  study  of  the  effects  of  a 
"ground"  on  one  phase  of  a  normally  isolated  three-phase  system  may 
be  briefly  stated  as  follows : 

1.  A  residual  voltage  equal  In  magnitude  to  V^  times  the  normal 
voltage  between  wires  or  three  times  the  normal  voltage  between  wires 
and  ground  is  created.  This  residual  voltage  extends  over  the  entire 
system  practically  unchanged  in  magnitude. 

2.  The  total  residual  current  produced  is  equal  to  the  charging 
current  of  the  three  line  conductore  energized  in  parallel,  at  a  single- 
phase  voltage  equal  to  the  normal  voltage  between  conductors  and 
ground.  This,  in  general,  is  equal  approximately  to  1.5  the  normal 
charging  current  per  phase, 

3.  The  current  in  the  ground  contact  is  equal  in  magnitude  to  the 
total  residual  current. 

4.  If  the  "ground"  occurs  at  a  point  intermediate  between  the  two 
ends  of  the  line  the  residual  currents  in  the  two  sections  of  line  are 
opposite  in  phase.  At  the  fault  the  residual  currents  in  the  two 
directions  are  approximately  proportional  to  the  lengths  of  line  on  the 
two  sides  of  the  fault,  and  their  numerical  sum  is  equal  to  the  total 
residual  current,  or  current  in  ground  contact. 

5.  The  residual  currents  diminish  approximately  uniformly  to  zero 
at  the  ends  of  the  line. 

6.  The  unbalanced  charging  currents  supplied  to  the  nongrounded 
phases  are  approximately  1.3  normal. 

7.  The  unbalanced  chaining  current  supplied  to  the  grounded  phase 
is  approximately  double  the  normal  charging  current. 

8.  The  charging  current  in  the  grounded  phase  immediately  beyond 
the  "ground"  is  approximately  0.5  of  the  normal  charging  current  of 
the  section  of  line  beyond. 

9.  The  existence  of  a  load  upon  the  line  does  not  affect  the  residuals. 

10.  Under  load  conditions  the  unbalanced  charging  currents  are 
snperposed  upon  the  load  currents  to  give  the  actual  unbalanced 
currents. 

11.  Published  information  indicates  that  the  effect  of  a  ground  wire 
carried  above  a  single  circuit  line  is  to  increase  somewhat  the  total 
residual  current  in  the  event  of  a  "ground,"  but  to  decrease  that  com- 
ponent flowing  in  the  ground  (part  flows  in  ground  wire). 

The  above  statements  as  to  the  magnitudes  of  the  residual  current 
and  the  unbalanced  charging  currents  in  terms  of  normal  charging 
current  of  the  line  are  average  figures  based  upon  data  of  several 
typical  cases.  They  are,  therefore,  not  exact  in  all  cases  but  are  con- 
sidered to  represent  fairly  closely  the  casea  within  practical  range. 
No  distinction  haa  been  made  as  to  the  slightly  different  effects  of  a 
ground  on  different  phases  of  an  nnsymmetrical  or  nontransposed  sys- 
tem.    These  figures  are  also  given  with  particular  reference  to  single 
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circQit  lines;  their  appli<!Bbility  to  the  eonditiooa  of  double  circuit  lines 
is  accordingly  limited.*  Published  data  in  regard  to  this  subject  is  in 
accord  with  that  obtained  in  this  study. 

Respectfully  submitted. 

(Signed)     Livinqston  P.  Febbis, 
Assistant  Field  Engineer. 
Attacbq)  ;  p.  I.  C.  286  and  301. 
Afpbdvzs:  Aagiist  4,  1915. 


(Signed)     R.  W.  Mastick, 

Field  Engineer. 


Amom) :  September  28,  1915. 


SOBOOMMITTBB   OW  TbSTS, 

(Signed)     J.  E.  Woodbkidqe, 

....      .  ChaimuuDi 

Joint  CoaHirTEB  oh  iNDDcmve  Intbbfebbnce, 
(Signed)     Aethub  F.  BbOwb, 

Secretary. 

OctobM  15,  1916. 
'See  Kspplemeutary  memorandum  Immediately  (oUowlng. 
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RESIDUALS  PRODUCED  BY  A  GROUND  ON  ONE  CONDUCTOR  OF  TWIN 
THREE-PHASE  CIRCUITS,  NORMALLY  WITHOUT  METALLIC  CON- 
NECTIONS TO  GROUND. 

July  3,  191T. 
Memorandum  Sapplementios  TeclmiM]  Report  No.   52. 

In  connection  with  the  stndy  of  twin  circuits  carried  out  for  technical 
report  No.  65,  opportunity  was  given  to  determine,  with  small  addi- 
tional labor,  the  effect  of  grounds  on  twin-circuit  lines  normally  without 
metallic  connection  to  ground.  Accordingly,  such  computations  have 
been  made  and  the  reanlts  are  presented  herewith. 

The  theory  involved  has  been  adequately  treated  in  technical  report 
No.  52,  hence  it  need  not  be  diaeusaed  here.  It  should  be  noted,  however, 
that  the  numerical  results  given  in  technical  report  No.  52  apply  only 
to  single-circuit  lines. 

There  are  two  different  cases  of  twin-circuit  lines  which  require  con- 
sideration and  which  will  give  different  results  in  the  event  of  an 
accidental  ground.  They  are:  (1)  circuits  metallically  interconnected 
and  (2)  circuits  not  metallically  interconnected.  For  convenience  these 
two  cases  are  treated  separately. 

1,  Circuits  Metallically  Interconnected. 

Circuits  paralleled  on  the  line  side  of  connected  traufiformer  banks 
meet  the  condition  imposed  by  this  ease.  When  a  ground  occurs  on  one 
conductor,  this  conductor  assumes  ground  potential,  as  does  also  the 
conductor  of  the  corresponding  phase  of  the  other  circuit,  to  which  the 
grounded  conductor  is  metallically  connected.  The  conductors  of  the 
other  two  phases  of  both  circuits  assume  a  potential  above  ground  equal 
to  the  normal  difference  of  potential  between  conductors.  Thus  the 
residual  voltage  of  each  circuit  becomes  V^  times  the  normal  voltage 
between  conductors  or  three  times  the  normal  voltage  between  conduc- 
tors and  ground.  This  value  is  the  same  as  occurs  in  the  ease  of  the 
single-circuit  line."  The  total  residual  current  is  the  product  of  one- 
third  the  residual  voltage,  i.  e.,  the  normal  voltage  to  ground,  and  the 
capacitance  of  the  six  wires  in  multiple  to  ground.  This  is  approxi- 
mately 40  per  cent  greater  than  the  corresponding  capacitance  of  a 
single- circuit  line  of  the  same  conductor  spacing,  assuming  the  twin 
circuit  construction  to  be  uniform  throughout  the  extent  of  the  metalli- 
cally connected  network. 

The  numerical  values  of  the  residual  current  and  abnormal  charging 
currents  in  terms  of  the  normal  charging  current  per  conductor  will 
vary  somewhat,  depending  upon  the  size  and  spacing  of  conductors,  the 


•See  T.  R.  No.  62. 
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eonfignration  and  height  above  ground.  The  values  given  below  apply 
to  hjgh-voltage  lines  of  vertical  configuration.  They  will  also  apply 
with  close  approximation  to  types  of  construction  in  which  the  top  and 
lowest  conductors  are  in  the  same  vertical  plane  and  the  middle  con- 
ductors displaced  slightly  ontward. 


Eesidual  voltage  (each  circuit) 

BeBldDsl  current  (total) .,, 

Otmgfag  (jorrentft— 

Twln- 
clrcult 

1.78  E 

2.17  I 

l.ffl  I 

SlDKle- 
ctrcutt 
1.78  £ 
1.4SI 

L92I 

I  =  NoriiiHl  charBlng  current  per  conductor. 

It  is  assumed  in  this  example  that  the  twin-circuit  constmction  ia 
unifonn  and  extends  throughout  the  whole  length  of  line.  The 
results  will  be  modified  if  there  is  considerable  single-circuit  construc- 
tion, aproaching  as  a  limit  the  results  for  single  circuits  when  the  length 
of  twin-eireait  construction  is  a  small  portion  of  the  total. 

The  inductive  effects  on  a  parallel  communication  circuit  of  the 
abnormal  residual  voltage  are  approximately  40  per  cent  greater  than 
those  occurring  in  the  case  of  a  single-circuit  line.  "When  the  twin- 
circuit  construction  is  uniform  throughout  the  total  length  of  line,  the 
inductive  effects  from  the  abnormal  residual  current  are  40  per  cent 
greater  than  those  of  a  single-circuit  line  of  the  same  length  and 
character.  The  inductive  effects  of  the  abnormal  residual  current  may 
be  increased  if  there  are  considerable  portions  of  single-circuit  construc- 
tion metallically  connected. 

2.  Circuits  Not  Metallically  Interconnected. 
Circuits  paralleled  only  on  the  station  side  of  connected  transformer 
banks,  or  not  paralleled  at  all,  meet  this  condition.  When  a  ground 
occurs  on  one  conductor  of  one  of  the  circuits  a  residual  vftltage  equal 
to  the  yS  times  the  normal  voltage  between  conductors  is  caused  in  this 
circuit.  A  residual  voltage  is  induced  in  the  other  circuit.  The  magni- 
tude of  this  induced  residual  voltage  will  vary,  depending  upon  the 
distance  between  the  two  circuits,  their  configuration  and  height  above 
ground,  the  size  of  conductors  and  upon  whether  the  construction  is 
uniform  throughout  the  metallically  connected  length  of  both  circuits. 
The  magnitudes  of  the  residual  current  and  abnormal  charging  currents 
in  terms  of  the  normal  charging  current  per  conductor  are  also  depend- 
ent upon  these  factors.     If  the  twin-circuit  construction  is  unifonn 
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throaghoot  tlie  metallically  connected  networii:  the  charging  correntB  of 
the  nongTounded  circuit  are  not  affected,  while  in  the  cireuit  having 
the  grounded  condnctor  the  valaea  are  the  same  as  in  the  ease  of  the 
corresponding  single-circuit  line.  For  high-voltage  twin  vertical  cir- 
cuits the  residual  voltage  induced  in  the  nongronnded  circuit  is  about 
0.7  the  normal  voltage  between  conductors  of  the  first  circuit. 

From  the  point  of  view  of  induction  in  parallel  communication  cir- 
cuits tile  effects  produced  by  a  ground  on  one  conductor  of  twin-circuit 
lines  of  this  class  (circuits  not  metallically  interconnected)  are  approxi- 
mately the  same  as  in  the  ease  of  eon-esponding  single-circuit  lines, 
provided  the  twin-circuit  construction  extends  uniformly  throughout 
the  metallieaUy  connected  network.  Thus  the  presence  of  the  non- 
grounded  circuit  mE^  be  neglected  in  obtaining  the  abnormal  induetion 
in  the  communication  circuit.  If  there  are  considerable  portions  of 
aingle-circuit  eonstmction  electrically  connected  to  the  nongrounded 
circuit  the  inductive  effects  on  the  communication  circuit  may  be  con- 
siderably lessened  as  compared  to  those  occurring  in  the  case  of  a  single- 
circuit  line,  due  to  ths  sbieldiug  effect  of  the  nongrounded  circuit. 

Respectfully  submitted. 

(Signed)     Livinoston  P.  Fessis, 
Assistant  Field  Engineer. 
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Teclmlcal  Report  Ko.  54. 

October  1,  1*1S. 

8a»  Femando-Somis  ParaiUti. 

EXPERIMENTAL  DETERMtNATlON  OF  COEFPICfENTJ  OF  LONOrTUDr- 
HAL  INDUCTION  AT  50  CYCLEA— EFFECT  OP  TRANSPOSmONS  IN 
POWEn  CIRCUIT. 

FebnwiT  ■-».  1»U^ 

OtnXINB. 
L  INTRODOCnON. 
IL  DBSCKIFTION  Of  PAKALLXL. 

A — PfarMcal  Gharacterfstioi  of  Line*. 

1.  Power  llae. 

2.  Telephone  liac. 

B — TranspoaitioD  SjitemL 

1.  Power  circuit 

2.  Tel^hoae  dmit. 

ni.  TEST&-DESCRIPTION  AND  EB8DLT8. 
A — Balanced  Voltacee. 

1.  Descripdon  of  tuethed. 

2.  SununaTj  ot  nmitt*. 

3.  Discnaitim. 

B — Biloiiced  Cnmntm, 

1.  DescrtptioD  of  metiiod. 

2.  Snnunai?  of  naoHk 
8.  DiscoaiiMi. 

O— BeBiduoI  Volt^e. 

1.  Description  of  meQwd. 

2.  8aiiunai7  trf  tenlta 

3.  DIbchmiod. 
D — Reaidnal  Current. 

1.  Deecriptioo  of  meawd. 

2.  Sununary  of  reenlt*. 
S.  Discniaion. 

IT.  CONCLUSIONS. 

CompariaoD  <rf  Experimental  DetermitiatioDs  With  Compnted  Talnes — Effects 
«f  Shielding — Apiriicfttion  to  QpemtliiK  Conditiati*— StFMta  of  Trana- 
pocltiooa. 

I.  Introduction. 

The  close  and  imifonn  aasociittion  of  the  power  and  telephone  circuits 
carried  on  the  San  iPsrnando-Somis  transmission  line  of  the  Pacific 
Light  and  Power  Corporation  afforded  an  nnusual.  opportunity  for  a 
comparison  of  ezperimental  detennioAtioiu  and  computed  values  of  the 
eoefficients  of  electric  sod  magnetio  induction,  and  for  a  test  of  the 
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effectiveness  of  trauqiositioiis  in  the  power  and  telephone  circuits.  The 
tests  described  in  this  report  were  accordingly  made  to  determine  the 
indnction  in  the  telephone  circuit  from  given  voltages  and  currents  in 
the  power  circuit  and  the  effect  thereon  of  transpositions  in  the  power 
circuit.  .Tests  were  made  with  the  power  circuit  energized  in  four  differ- 
ent ways,  so  as  to  give  in  turn  (A)  balanced  voltages  (B)  balanced 
currents  (C)  residual  voltage  (D)  residual  current,  and  under  three 
conditions-  of  the  power  circuit  as  regards  transpositions  (a)  no  trans- 
positions (b)  one  barrel  and  (c)  two  barrels..  The  telephone  transposi- 
tions remained  the  same  throughout  the  tests. 

It  was  not  possible  to  make  satisfactory  measurements  of  the  coefB- 
cients  of  transverse  induction  with  the  50-eyele  supply  as  used  in  these 
tests.  This  was  due  chieSy  to  the  effectiveness  of  the  telephone  traos- 
positions.  Hence,  this  report  is  concerned  only  with  the  longitudinal 
induction.  For  a  consideration  of  transverse  induction  and  of  the 
effect  of  telephone  transpositions  see  technical  reports  Nos.  55  and  56, 
wherein  are  given,  also,  the  computed  coefficients  of  induction  referred 
to  in  this  report. 

Energy  supply  at  a  frequency  of  50  cycles  was  used  for  all  the 
tests.  Under  the  special  conditions  employed,  the  harmonics  present 
were  too  small  for  satisfactory  measurement  and  therefore  the  coeffi- 
cients of  induction  are  considered  for  50  cycles  only.  The  detailed 
arrangements  and  results  are  given  in  III,  below.  Except  where  other- 
wise stated,  the  induced  voltages  and  currents  were  measured  on  the  two 
wires  of  the  telephone  circuit  in  parallel^  to  ground.    . 

n.  DMcriptioii  oi  Parallel. 

A — ^Phtsicai,  Chabactbristics  or  Lines. 
1.  Power  Line. 
The  power  line  involved  is  the  San  Pemando-Somis  15600-volt  single- 
circuit  three-phase  line  of  the  Pacific  Light  and  Power  Corporation, 
which  extends  a  distance  of  36.7  miles  beyond  the .  teat  pole  at  the 
Joint  Committee's  laboratory.    Following  is  a  tabulated  description: 

Nominal  voltagfr— 15000  volts. 

Length— 36.7  miles. 

Type  of  supports-Poles,  90.2%. 

A-Prames,  9.8%. 

GQufiguration — ^Vertical — five-foot  spacing,  on  pole*. 

Vertical — six-foot  spacing,  on  A-frames. 

Height  of  upper  conductor — average  50  feet. 

Crosaanns-^Wooden  normally; 

Steel  at  oreAings  and  comers. 

Insulators-'Fin  type  hotke  No.  408-A  normally, 

Two-disc  suspension  type  at  erossings,/^"-  i 

comers  and  on  A-frames.  ,  ^^^.^^.JJ^ll^ 
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Condoctora— No.  4  B&S  solid  copper,  78.6%. 
No.  2  B&S  solid  copper,  7.8% 
No.  2  B&S  stranded  oopper,  13.6%. 

2,  Tele'phon^  Line. 
The  telephone  line  is  the  pow«r  company's  private  telephone  circuit, 
carried  on  the  same  poles  as  the  power  circuit.    The  telephone  circuit  is 
on  the  opposite  side  of  the  pole  from  the  power  circuit,  on  a  croBs-arm 
11  feet  below  the  lowest  croes-arm  of  the  power  circuit. 

Spacing — 23  inches  on  poles, 

90  inches  on  A-frames. 
Cross-arms — 9  ft.  wooden  on  poles. 

Conductors — No.  9  BWG  iron  normally ;  ^-inch  measen^r  cable  for 
several  long  spans  on  A-frames. 

P.  I.  C.  No.  230,  attached  to  technical  report  No.  56,  gives  a  croas- 
sectional  diagram  of  the  line  showii^  the  locations  of  the  oondnctors  of 
both  circuits,  where  supported  on  poles. 

B — Tkansposition  Sts'toms. 
1.  Power  Circuit. 
The  transposition  systems  employed  were  designed  to  divide  tiie  line 
into  sections  of  equal  length :  first  into  three  equal  sections  by  two 
transpo«tions  (one  barrel)  and  then  into  six  equal  sections  by  three 
additional  transpositions  (two  barrels).  No  effort  was  made  to  modify 
the  location  of  transpositions  to  compensate  for  irregularities  in  the 
line,  such  as  differences  in  sizes  and  spacings  of  conductors.  .  The  dis- 
tances between  transpositions  for  each  of  the  two  lengths  of  barrel  are 
given  below. 
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2.  Telephone  Circmt. 
The  telephoDQ  circuit  is  transposed,  on  -the  average,  every  1180  feet 
(about  every  fourth  pole) ;  a  total  of  164  transpoeitions  between  the 
laboratory  and  Semis.  The  resultant  lengths  of  unbalanced  exposare 
of  the  telephone  cinmit  to  induction  from  currents  and  voltagea  in  the 
power  circuit  are  as  given  in  the  table  below: 

TABLE   II. 

R«*ulUnt   Langtha  of  UnbalancM   Expoiura   \n   Fast.    Talaphone  Circuit  to   Power 

Circuit.    San  Fornardo-aomla  Line. 


iiM  o(  iiMtortlm 

2« 

DlMorUlw  (.Mar 

II^^UMb 

U-aa, 

MltN 

M- 

Balanced 
TO  It  axes 

and 
currenM. 

Transverao 

Poles 
A-framea 

zvm 
m 

960 
257 

SS7 

Both 

1W)18 

um 

im 

Residual 

TO  It  aces 

and 

Transvene 

Polea 
A-trameB 

2,970 
358 

2,970 
S68 

2.970 
8S8 

LODKltudlnal 

Both 

1M,0IS 

194,01B 

194,01s 

m.  TestB—Descriptioii  and  BesnltB. 
A — ^Balanced  Voltages. 

1.  Description  of  Method. 

For  the  balanced-voltage  test  the  line  was  energized  through  two 
banks  of  transformers ;  the  step-down  bank  being  connected  delta-delta 
and  the  step-up  bank  delta-star,  with  neutral  isolated.  At  Somia  the 
transformer  bank  was  connected  to  the  line  in  interconnected  star-delta 
with  neutral  grounded.  For  thethree  systems  of  power  circuit  trans- 
positions, measurements  were  made  of  induced  voltage  and  current  to 
ground  in  the  telephone  circuit  both  with  the  far  end  clear  and  with  it 
grounded.  ' 

2.  Summary  of  Resulti. 

The  detailed  observations  and  results  are  given  in  a  memorandum  on 
file.  The  following  table  summarizes  the  results  for  the  three  trans- 
position systems. 
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TABLE  III. 
Loneltudlnal  Induction  from  Balanced  Valtaga*.    Telaphon«  Circuit  laolatad  at  Bomii. 


Two  barrele 


3.  Discussion  (Balanced  Voltages) . 
The  results  for  the  far  eod  of  the  telephone  circuit  grounded  are  not 
given  in  the  above  table.  They  are  of  value  only  in  determiniag  the 
possible  error  dne  to  eleetroetatic  inductioii  fram  balaaeed  Toltages  in 
the  balanced  current  tests.  Similarly  the  meosarementB  in  the  balanceci 
cnrrent  test  of  the  indnetion  with  the  far  end  of  the  telephone  circuit 
clear  are  of  valoe  in  determiniBg  the  poMible  error  dae  to  electro- 
magnetic induction  from  the  barging  currentB  in  the  balanced  voltage 
tegta.  For  balanced  voltages  the  error  due  to  this  source  ia  less  than 
i%  in  the  case  of  no  transpositions,  but  may  unount  to  not  more  than* 
2%  iai  the  case  of  one  and  two  barrels. 

The  voltage  to  ground  induced  in  the  telephone  circuit  from  balanced 
voltages  in  the  power  circuit  is  52  volts  per  kilovolt  when  there  are  no 
transpositioQs  in  the  power  circuit.  For  one  barrel  ^  induced  voltage 
is  rednced  to  2.6%  and  for  two  barrels  to  1.8%  of  the  voltage  obtained 
with  no  transpositions.  The  resultant  lengths  of  unbalanced  exposure 
are  respectively  0.98%  and  0.60%  of  the  unbalance,  with  no  transposi- 
tions. The  ratio  of  induced  voMtige  with  two  barrels  to  induced  voltage 
with  one  barrel  is  72% ;  the  corresponding  ratio  of  length  of  unb^anced 
exposure  is  61%.  The  discrepancy  between  ratios  of  induced  voltages 
and  corresponding  ratios  of  lengths  of  unbalanced  exposure  is  due 
probably  to  irregularitjes  in  the  power  and  telephone  circtdtB,  such  as 
different  sizes  and  spacings  of  conductors  in  the  varioua  transposition 
sections.  The  results  are  considered  satiafactory  as  the  quantities 
measured  were  small. 

A  comparison  of  the  experimentally  determined  coefficient  of  induc- 
tion, 52  volts  per  kilovolt,  with  a  coefficient,  52.0  volts  per  kilovolt,  com- 
puted from  the  dimensions  of  the  systems,  in  the  portion  supported  on 
poles,  shows  very  satisfactory  agreement  between  the  two.  The  com- 
pnted  coefficients  are  discussed  in  technical  report  No.  56. 


■dovGooi^Ic 


382:  IN&UOTIVB  I 

B — Balanced  Corrents. 

1.  DBscription  of  Method^ 

In  oi^er  to  obtain  the  masimum  inductive  effect  from  balanced  cur- 
rents  with  a  minimum  of  electrostatic  induction  from  the  balanced  volt- 
ages, the  power  circuit  was  short -circuited  at  the  Somis  end.  The  circuit 
was  energized  at  low  voltage  at  the  laboratory,  giving  balanoed  currents 
of  a  suitable  magnitude.  The  induced  voltage  and  current  to  ground  in 
the  telephone  circuit  were  measured  simultaneously  with  the  currents 
in  the  power  circuit,  for  the  three  transposition  systems, 

2,  Summary  of  Results. 

The  detailed  observations  and  results  are  given  in  a  memorandum 
on  file.  The  following  table  stunmarizes  the  results  for thgthree  trans- 
poaitioh  systems. 

TABLE  IV. 
L^ngltudlnat    InducUon.  ri<om'  Batancad   Currants.    Talaphona   Clrault   < 
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3.  Discussion   {Balaiiced  Currents). 

With  no  transpositions  in  the  power  circuit,  the  longitudinal  induced 
voltage  in  the  telephone,  circuit  is  1.69  volts  for  each  ampere  of  balanced 
current  in  the  power  circuit.  This  corresponds  to  a  coeflBcient  of  induc- 
tion of  27.7  microhenrys  per  1000  feet.  A  coefficient  of  26.3  micro- 
henrys  has  been  computed  from  the  dimensions  of  the  system.,  The  two 
results  differ  by  only  five  per  cent,  which  is  considered  a  very  satis- 
factory agreement.  It  may  be  noted  in  this  connection  that  the  tele- 
phone conductors  are  of  iron,  whereas  the  computations  were  based  on 
a  conductor  of  unit  permeability.* 

For  one  barrel  and- two  barrels  in  the  power  circuit  the  induction  into 
the  telephone  circuit  was  so  small  as  to  make  precise  measuremait 
imposfflble,  hence  the  table  gives  an  upper  limit  only  for  the  indnction 
under  these  conditions.  The  indijced  voltages  are  respectively  leas  than 
2,4  per  cent  and  Jess  than  1.2  per  cent  of  the  induced  voltage  obtained 
with  no  transpositions. 
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C — ^Residual  Vm^tage. 

1,  Description  of  Method. 

With  the  Somis  end  isolated  the  power  circuit  was  ttrranged  at  the 
laboratory  bo  that  the  eondoctors  mi^bt  be  euer^zed  singly,  two  in 
parallel  or  three  in  parallel.  The  voltage  indaced  in  the  telephone 
cirenit  was  measured  nnder  several  conditions.  In  order  to  shidy 
the  effects  of  shielding,  arrangements  were  made  for  grounding  the 
imenei^^zed  conductor  or  eondactoro  at  the  laboratoO't  >Qd  measuring 
the  indaced  voltage  or  current  in  the  telephone  circuit  under  these 
conditiona.  Moreover,  the  effect  of  grounding  one  of  the  telephone 
conductors  upon  the  induced  voltage  in  the  other  was  determined  in 
a  similar  manner. 

2.  ^Summary  of  Results. 

The  detailed  observations  and  results  are  given  in  a  memorandum 
on  file.  The  following  table  summarizes  the  results  obtained  for  the 
various  eonditioos  of  the  power  and  telephone  circuits. 

TABLE  V. 

Longltudlnar  Induction  from  Rnldual  Voltao*.    Talephona  Circuit  Isolatad  at  Somla. 

(One  baiTsI  tn  potrer  otpcalt.) 


3.  Discussion  (Residual  Voltage). 

The  term  "residual  voltage"  is  here  applied  to  the  energized  conduc- 
tors only.  The  coefficient  for  residual  voltage  of  the  three-phase  circuit 
is  given  by  the  results  for  all  three  power  conductors  energized.  A 
comparison  of  these  results  with  the  results  given  in  Table  III  shows 
the  relative  effects  of  unit  values  of  balanced  and  residual  voltages. 
The  results  for  other  cases  given  in  Table  V  are  for  special  conditions 
not  to  be  confused  with  the  residual  voltage  for  the  three-phase 
circuit. 

The  power  circuit  was  transposed  for  one  barrel  at  the  time  these 
obser^'ations  were  made  and  hence  the  effects  of  different  separations 
between  disturbing  and  disturbed  conductors  could  not  be  determined. 
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The  coefficient  of  indnetion  for  the  telepboae  circuit  and  one  power 
conductor  is  approximately  the  average  of  the  coefficients  for  the  tele- 
phone circuit  and  the  three  power  conductors  energized  singly  and 
with  no  tran^ositions  in  the  power  circuit.  Thw  has  been  asHamed 
in  comparing  the  experimeataUy  determined  and  computed  coeffiaieits 
for  this  case. 

The  experimentally  determined  coefficients  are :  for  three  power  con- 
ductors energized  91  volts  per  kilovolt,  two  eondactom  energized  99 
volts  per  kilovolt  and  for  one  conductor  energized  129  volta  per  kilovolt 
residual.  The  coefficients  have  not  been  computed  for  two  power  con- 
ductors enei^zed,  hut  for  three  conductors  energized  and  one  eondoetor 
energized,  they  are  respectively  99  and  157  volts  per  kilovolt.  For  berth 
cases  the  measured  coefficient  is  smaller  than  the  computed  coefScient ; 
three  conductors  8%,  one  conductor  18%.  With  three  conductors  ener- 
gized, a  much  larger  number  of  observations  were  made  than  was  the 
case  with  one  conductor  energized  (about  twenty  as  compared  to  three) . 
The  individual  observations  varied  over  a  range  of  15%. 

When  three  power  conductors  are  energized,  grounding  one  of  the 
telephone  conductors  reduces  the  voltage  induced  in  the  other  33%. 
When  two  power  conductors  are  energized  grounding  the  third  power 
conductor  reduces  the  voltage  induced  in  the  telephone  circuit  16%. 
With  one  power  conductor  energized,  grounding  one  of  the  idle  power 
conductors  reduces  the  induced  voltage  in  the  telephone  circuit  18%, 
grounding  both  idle  power  conductors  causes  a  reduction  of  33%.  There 
is  much  closer  association  between  the  two  telephone  conductors  than 
between  the  two  telephone  conductors  and  one  power  conductor.  Hence 
a  greater  shielding  effect  on  one  telephone  conductor  is  observed  by 
grounding  the  other  than  by  grounding  one  power  conductor.  When 
two  power  conductors  are  grounded,  however,  the  shielding  effect  ia 
about  the  same  as  that  obtained  by  grounding  one  of  the  telephone 
conductors. 

D-^Residual  Current. 

1.  Description  of  Method. 
For  the  residual-current  test  both  power  and  telephone  circuits  were 
grounded  at  Somis,  connection  being  made  to  a  common  ground  elec- 
trode. A  common  ground  connection  was  likewise  used  at  the  laboratory 
end  of  the  circuits.  Facilities  were  provided  for  energizing  the  power 
conductors  singly,  two  in  parallel  or  three  in  parallel.  The  voltages  in 
the  telephone  circuit  and  also  in  the  unenergized  power  conductors  were 
measured  under  the  various  conditions  of  enei^y  supply.  Some  meas- 
urements were  also  made  to  determine  the  shielding  effects  obtained  by 
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gronndiiig   the   nneneTgized  power  condactor  or  eotnltKtors,   &nd  of 
gromiding  one  of  the  telephone  conductora. 

2.  Summary  of  Results. 
The  detailed  ohservatioDB  and  resnltg  are  given  in  a  memor&DdTim' 
on  file.     The  following  table  summarizes  the  reeulta  obtained  for  the 
varions  conditions  of  the  power  and  telephone  eirouita. 


TABLE  VI, 


Power  and  Tetephona  Circuit* 


(One  biUTel  In  power  circuit.) 


Isol. 
erd. 


3,  Disctianon  (Residual  Current). 
As  in  the  residiial  voltage  test,  the  coefficient  for  residual  current  of 
the  thtee-phaw  circuit  is  given  by  the  results  for  all  three  power  condue- 
Ua»  energized.  Theae  results  should  be  compared  with  those  given  in 
Table  IV  to  show  the  relative  effects  of  unit  values  of  balanced  and 
residual  currents.  The  results  for  the  other  cases  given  in  Table  YI 
represent  special  conditions.  The  term  "residual  ouirent"  in  Table  VI 
applies  to  the  energized  conductors  oub'- 

The  power  circuit  was  transposed  for  one  barrel  at  the  time  of  this 
test  and  hence  the  longitudinal  voltage  in  the  telephone  circuit  per 
ampere  of  residual  current  in  the  power  circuit  is  the  same  whether  one, 
two  or  three  of  the  power  conductors  are  enei^ized. 

When  two  power  conductors  are  energized  the  voltage  in  the  tele- 
phone circuit  is  reduced  28%  by  grounding  the  third  power  conductor. 
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When  one  power  conductor  is  ener^zed,  grotmding  one  of  the  unener- 
gized  conductors  reduces  the  voltage  in  the  telephone  circuit  28%,  and 
grounding  both  unenergized  conductors  causes  a  reduction  of  41%. 
The  electromagnetic  shielding  effect  of  one  telephone  conductor  on  the 
other  is  very  small,  the  reduction  in  voltage  being  about  2%.  With 
one  power  conductor,  energized,  the  voltage  in  one  of  the  unenergized 
power  conductors  is  reduced  27%  by  grounding  the  third  power  conduc- 
tor. These  open  circuit  voltages  of  Table  VI,  upon  which  this  discussion 
is  based,  include  both  induction  and  conduction  effects  as  pointed  out 
below. 

In  making  these  measurements  disturbing  and  disturbed  circuits  were 
connected  to  ground  through  the  same  electrodes.  Hence  part  of  the 
observed  open  circuit  voltage  is  due  to  a  conduction  effect,  the  IR  drop 
of  the  residual  current  in  the  common  ground  resistance.  The  induc- 
tion and  conduction  components  of  the  voltage  in  the  telephone  circuit 
are  in  quadrature.  If  we  denote  the  residual  current  by  I,  the  mutual 
inductance  by  M,  the  common  ground  resistance  by  R,  and  the  open 
circuit  voltage  of  the  disturbed  circuit  by  e,  we  have : 


e  =  I  VR'+  (2irfM)* 
hence 


M  =  -^    1- 
2xt  S 


The  direct  measurements  of  ground  resistance  varied  from  8  to 
19  ohms,  on  different  days.  The  impedance  of  the  power  circuit  as 
determined  by  the  ratio  of  impressed  voltage  to  residual  current  indi- 
cates a  grouod  resistance  of  12  ohms  at  the  time  these  measurements 
were  made.  Correcting  for  the  conduction  effect  the  value  of  14.2  volts 
induced  per  ampere  of  residual  current  is  obtained,  compared  with  the 
value  of  18.6  volts  for  the  open  circuit  voltage.  If  we  compute  M  from 
the  equations  above,  using  R  ^  12  ohms,  we  obtain  a  value  of  233  micro- 
henrys  per  1000  feet  for  the  mutual  inductance  between  the  power 
conductors  energized  singly  or  in  parallel  and  the  telephone  circuit; 
and  301  microhenrys  per  1000  feet  for  the  mutual  inductance  between 
any  two  power  conductors.  The  computed  values  are  respectively  222 
microhenrys  and  290  microhenrra  per  1000  feet,  which  differ  from  the 
experimental  values  by  5%  and  4%,  respectively,  for  the  two  cases. 
These  computed  values  depend  upon  an  experimental  determination, 
by  impedance  measurements  on  the  power  circuit,  of  the  depth  of  the 
equivalent  ground  plane.  The  location  of  this  plane,  as  determined 
by  the  impedHQce  measurements,  is  at  a  distance  of  360  feet  below  the 
middle  power  conductor. 
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IV.  Conelasioiu. 

As  was  pointed  out  in  the  introduction  these  tests  gave  satisfactory 
results  only  for  the  fundamental  frequency,  fifty  cyeles  per  second,  and 
hence  the  conclusions  apply  to  that  frequency  only.  Moreover,  longi- 
tudinal induction  only  is  considered,  the  transverse  induction  being 
considered  in  technical  report  No.  55. 

Very  satisfsctoiy  agreement  was  obtained  in  all  cases  between  the 
c^tserred  and  computed  coefficients  of  induction.  The  comparisons  have 
been  made  in  the  discussions  at  the  end  of  each  section.  A  general 
tnnimary  of  the  principal  results  for  the  nontransposed  power  circuit 
is  ^ven  in  the  following  table : 
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Comparison  of  the  experimental  and  computed  results  for  electro- 
magnetic  induction  indicate  that,  under  the  conditions  of  this  test,  the 
material  of  the  disturbed  conductors  has  negligible  effect  on  the  magni- 
tade  of  the  induced  voltage,  as  no  account  was  taken  in  the  computa- 
tions of  the  fact  that  the  telephone  conductors  are  of  iron.  Obviously, 
(he  material  of  the  conductors  has  no  effect  upon  the  electrostatic 
indneed  voltages. 

In  the  reradual  voltage  and  current  tests  a  considerable  reduction  in 
the  induction  in  the  telephone  circuit  was  observed  upon  groundii^ 
the  unenergized  power  conductor  or  conductors.  In  the  residual  voltage 
test  a  lai^  shielding  effect  on  one  telephone  conductor  was  observed 
when  the  other  was  grounded.  In  the  residual  current  tests,  grounding 
one  of  the  telephone  conductors  shielded  the  other  only  about  two  per 
cent.  For  effective  electromagnetic  shielding,  the  shielding  circuit 
should  be  of  low  resistance  and  closely  coupled  with  either  the  disturbed 
or  disturbing  circuits.  As  regards  coupling,  the  power  conductor  is 
somewhat  less  effectively  situated  than  the  telephone  conductor.  The 
much  greater  shielding  effect  of  the  power  conductor  is  due,  therefore, 
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to  its  low  resistance  as  compared  with  the  smaller  iron  tel^>ham  COQ- 
duetor.  Electrostatic  shielding  is  not  affected  materially  by  the  imped- 
ance of  shielding  conductors  for  the  induced  charging  current  is  rela- 
tively small  so  that  the  potential  of  the  shielding  conductors  is  only  very 
slightly  modified  by  the  impedance  drop. 

To  compute  the  induction  in  the  telephone  circuit,  under  operating 
conditions  of  the  power  circuit,  it  is  necessary  to  know  the  phase 
relationship  between  the  components  of  the  total  induction  due  to  the 
various  components  of  current  and  voltage  in  the  power  eircuit,  as 
well  as  the  magnitudes  oi  the  coefficients  of,  induction. .  These  phase 
relationships  are  not  determined  by  the  testa  recorded  in  this  report. 
With  the  computed  coefficients  discussed  in  technical  report  No.  56  is 
given  the  phase  of  the  induction  with  respect  to  the  particular  compo- 
nent of  voltage  or  current  from  which  it  arises.  Hence  if  the  magnitudes 
and  phase  relationships  of  the  various  components  of  current  and  volt- 
age in  the  power  circuit  are  known,  the  resultant  induction  in  the 
telephone  circuit  may  be  determined. 

A  comparison  of  the  results  for  the  three  conditions  as  regards  power 
circuit  transpositiouB  shows  t^iat  the  use  of  either  one  36  mile  barrel  or 
two  18  mile  barrels  practically  neutralized  the  longitudiziBl'  induction 
from  balanced  currents  and  voltages  at  fifty  cycles.  At  this  freqaency 
the  36  and  18  mile  barrels  give  approxitnately  78  and  157  barrels  per 
wave  length,  respectively.  Roughly  the  same  degree  of  neutralization 
may  be  expected  for  higher  frequencies  with  a  corresponding  decrease 
in  the  length  of  barrel.  This  is  not  strictly  so,  due  to  the  fact  that  the 
line  is  short  and  hence  reflection  eflfecta  from  the  terminals  will  differ 
at  different  frequencies. 

Respectfully  submitted. 

.    (Signed)     LiviNOSTOff  P.  Fsbeus, 

■  Assistant  Field  Engineer. 


Appbovbd;  October  6,  1015. 


Appboved  :  October  7,  1915- 


(Signed)     R.  W.  Mashck, 
Field 


SuBooMurrm  on  Tbsts, 
(Sgned)     J.  E,  Woch^bidsb, 

Chairman. 

Joint  Committeb  on  Inductivb  Interperbnoe, 
(Signed)     Arthur  P.  BsmiK, 

Seeretarr. 
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JuDftr;  7,  l&ia 
EXPERIMENTAL' DETERMINATION  OP  C0EPPICIENT8  OP  INDUCTION 
FROM    RE8IDUAL8    AT   TELEPHONIC    FREQUENCIES— EFFECT    OF 
ADMITTANCE   UNBALANCE  SAN   FERNANDO  80MI8  PARALLEL. 
March  tS-21,  1»1S.    - 
OOTLIXB. 
L  INTRODUCTION. 
II.  DESCRIPTION  OP  PABALLEL 
III.  DESCRIPTION  AND  RESULTS  OF  TE^STS. 
A— LoD^tndinal   Indaction. 

1.  Deacription  o(  Methods. 

2.  Summarj  of  Reanlts. 

3.  Discussion  of  Results. 
B— ^Transverse  Induction. 

1.  DescriptioD  of  Metbod. 

2.  Sommsry  of  Resnlts. 

3.  Discussion  of  Remits. 

C — Effect  of  Admittance  Unbalance. 

1.  Analytical  Treatment. 

2.  Application  to  Ezperimental  Resnlts. 
8.  Effect  of  Tianipositions. 

IV.  RESUME. 

Combination  of  Electrostatic  and  Electromsj^tietic  Induction — Influence  of 
Attenoation  and  Pli&se  Change — Terminal  ConditlonB— Importance  of 
Balancing  Telephone  Circuits  and  Reducing  Longitudinal  Induction. 

L  Introdiictioii, 

The  testa  herein  reported  are  supplementary  to  tliose  described  in 
technical  report  No.  54.  As  pointed  out  in  that  report,  the  results  there 
given  apply  only  to  50  cycles  and  do  not  include  transverse  measure- 
ments. The  tests  described  in  this  report  include  measurements  of  both 
lon^ptudinal  and  transverse  induetioUj  and  cover  a  range  of  frequencies 
common  to  telephonic  transmission  and  harmonics  of  power  circuits — 
the  "noise"  frequencies.  These  tests  were  limited  to  residuals,  owing 
to  the  lack  of  a  thi^e-phase  source  of  energy  at  high  frequency.  The 
Vreeland  Sine  "Wave  Oscillator  was  used  for  the  source  of  single-phase 
high-frequency  energy.  The  coefficients  of  induction  were  obtained  for 
foQT  different  conditions  of  tite  circuits  at  the  distant  end.  For  longi- 
tudinal induction  two  methods  of  testing  are  described  and  the  results 
given  and  compared. 
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n.  Description  of  ParolleL 

A  detailed  descriptioD  of  the  circuits  involved  in  thia  parallel  is  ^ven 
iu  technical  report  No,  54. 

The  telephone  circuit  was  tranaposed  at  intervals  of  about  1180  feet 
(every  fourth  pole),  there  being  164  traoHpOBitions  between  the  labora- 
tory and  Somis.  The  resultant  lenglha  of  unbalanced  expoaure  to  induc- 
tion from  residuals  are  3C€0  feet  in  the  section  of  line  carried  on  poles 
and  350  feet  in  the  section  carried  on  A-framea.  These  two  lengths 
combine  in  opposite  phase.  Weighting  the  two  lengths  in  proportion  to 
the  separation  between  the  telephone  conductors  in  the  two  sections  of 
line,  the  resultant  length  of  unbalanced  exposure  is  approximately  1670 
feet,  or  0.7%  the  total  length  of  the  line. 

At  the  time  of  these  tests  the  power  circuit  was  transposed  to  form 
two  barrels.  This,  however,  is  of  no  importance  as  regards  induction 
from  residual  currents  and  voltages. 

nr.  Description  and  Results  of  Tests. 
A — Longitudinal  Induction. 

1.  Description  of  Methods. 
Letting  Vj,  Vj,  I[  and  Ij  be  the  voltages  and  currents  in  circuits  No.  1 
and  No.  2,  respectively,  at  the  sending  end  of  a  pair  of  eonpled  circuits 
the  following  equations  may  be  written : 

v,  =  z.l,-^z.i,  CD 

V,  =  Z,I,  +  Z„Ii  (2) 

In  these  equations  Z,  and  Z,  are  the  self  impedances  of  the  circuits, 
each  measured  with  the  other  circuit  open  at  the  sending  end;  and  Zm 
ia  the  mutual  impedance.  These  equations  hold  for  all  terminal  con- 
ditions at  the  distant  end,  values  of  the  self  and  mutual  impedances 
being  different  for  each  different  terminal  condition. 

Applied  to  the  ease  of  longitudinal  induction  from  residuals,  Z,  is 
the  impedance  between  the  power-circuit  conductors  in  parallel  and 
ground  (with  telephone-circuit  conductors  isolated  at  sending  end) ; 
and  Z,  is  the  impedance  between  the  telephone-circuit  conductors  in 
parallel  and  ground  (with  power-circuit  conductors  isolated  at  sending 
end).  Zn,  is  then  the  mutual  impedance  between  the  two  ground-return 
single-phase  circuits — the  negative  vector  ratio  of  the  open-circuit  volt- 
age at  the  sending  end  of  the  telephone  circuit  to  the  residual  current 
at  the  sending  end  of  the  power  circuit  (Standardization  Rules — A.  I. 
E.  E.^July  1,  1915 — paragraph  916).  Zn  may  therefore  be  considered 
the  coefficient  of  longitudinal  induction  from  reaidual  current,  since 
it  gives  the  relationship  of  the  open-circuit  voltage  in  the  telephone 
circuit  to  the  residual  current  of  the  power  circuit  under  the  given 
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conditions  of  both  circuits.  The  induction,  in  general,  is  due  to  both 
voltage  and  current  and  the  mutual  impedance  gives  the  resultant 
or  the  combined  effect  ot  both. 

Two  methods  were  employed  in  determining  the  coefficients  of  longi- 
tudinal induction:    (1)  Direct  Method  and  (2)  Bridge  Method. 

In  the  Direct  Method  the  cnrrent  I,  in  the  disturbed  circuit  wa« 
measured,  simnltaneouBly  with  the  current  I,  in  the  disturbing  circuit, 
with  a  meter  of  known  impedance,  z.  The  impedance  Z„  baving  been 
separately  determined  by  bridge  nteasnrementa,  the  mutual  impedance 
is  therefore: 

-I,{Z.  +  z) 

Z«  = (3) 

I, 

In  order  to  obtain  a  check  on  the  value  of  Z„  measurements  of  Ii  and 
I,  were  made  with  a  number  of  values  of  meter  impedance,  z,  ranging 
from  approximately  short-circuit  (meter  shunted  by  low  resistance)  to 
as  high  au  impedance   (resistance  in  series  with  meter)    as  possible  ■ 
consiatent  with  a  good  deflection. 

In  the  Bridge  Method  the  self  impedances  of  the  two  circuits  were 
measured:  also  the  impedance  of  the  circuits  connected  in  "series 
opposing."  Under  the  conditions  of  these  tests  the  latter  impedance 
is  that  measured  between  the  power-circuit  conductors  in  parallel  and 
the  telephone-circuit  conductors  in  parallel.  Designating  this  imped- 
ance by  Z,..  the  mutual  impedance  Zj,  is  obtained  from  the  following 
equation : 

Z,  +  Z,  — Z,.. 

Z.  = <4). 

2 

For  checking  purposes  measurements  were  made  of  the  impedance 
of  the  circuits  connected  in  parallel  "aiding";  being  in  this  case  the 
impedance  between  all  conductors  of  the  power  and  telephone  circuits 
in  parallel  and  ground.  Designating  this  impedance  by  Z,„„  the 
following  equation  holds: 

Z,Z,  — zv 
Z..-o  = (5) 


Z|»  =  Zj^  ±  VZ'.w  +  Zi2,  —  Z„_<,  (Z,  +  Z,)  (6) 

From  this  latter  equation  the  value  of  Z„,  may  be  computed  and  com- 
pared with  the  value  first  obtained.  Equation  (4)  being  linear  and  (6) 
quadratic,  Z^  is  much  more  readily  obtained  by  a  solution  of  the 
former.     The  results  given  in  the  following  section  were  obtained  from  i 
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eQUStion  (4)  except  for  one  frequency  where  Zn,  was  also  computed 
from  equation  (6). 

The  accuracy  of  this  method  is  dependent  very  largely  upon  the 
olosetiess  of  coupling  hetween  the  two  circuits  involved.  As  the  coeffi- 
cient of  coupling  (Standardization  Rules — A.  I.  E.  E. — July  1,  1915 — 
paragraph  962)  is  decreased  Z,.;  approaches  (Z,  •+■  Z,) .  Zm  is  then 
determined  by  a  small  difference  between  relatively  large  quantities, 
thus  greatly  magnifying  the  effect  of  errors  of  observation.  It  is  only 
for  longitudinal  induction  from  residuals  that  this  method  becomes 
at  all  practicable  and  then  only  for  cases  of  small  separation  between 
lines. 

It  is  essential  either  that  the  two  circuits  have  a  common  ground 
connection  at  the  sending  end;  or,  if  separate  ground  connections  be 
used,  that  the  two  be  sufficiently  far  apart  so  that  they  do  not  appreci- 
ably affect  one  another.  In  the  latter  event  the  measured  values  of  Z, 
and  Zj  must  be  corrected  by  subtracting  out  the  local  ground  resistances. 
In  the  case  of  these  tests  a  common  ground  connection  was  used  for 
both  circuits. 

The  measurements  were  made  by  both  methods  for  the  four  conditions 
of  the  circuits  at  the  distant  end  and  for  a  range  of  frequencies  from 
300  to  1100  cycles  per  second. 

2.  Summary  of  Results. 
The  summarized  results  are  given  below  in  tables.  The  results  are 
expressed  as  impedances,  for  the  most  part  mutual  and  self  impedauces, 
from  which  the  open-circuit  voltage,  or  current  through  any  value  of 
terminal  impedance  at  the  sending  end  of  the  telephone  circuit,  may  be 
computed  for  any  given  value  of  residual  current  or  voltage  at  the 
sending  end  of  the  power  circuit;  assuming  necessarily  one  of  the  four 
combinations  of  distant-end  conditions  for  which  these  tests  apply. 
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Comparallv*  Valgsi  «t  Z 
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•From  Equation  (Bl  with  value  of  2.  obulned  from  Equation  (4). 
3.  Discussion  of  Results. 

The  results  obtained  by  the  two  methods  are  plotted  aa  functions  of 
the  freqaeney,  on  drawings  Nos.  309  and  310  which  are  attached  to  this 
report.  Although  the  two  methods  give  curves  of  about  the  same  gen- 
eral shape,  there  is  a  rather  large  diaagreement  between  corresponding 
values.  Of  the  two  methods  the  first  (Direct  Method)  is  the  more 
reliable.  In  the  Bridge  Method  the  mutual  impedance  is  determined 
as  the  small  difference  between  two  nearly  equal  quantities,  thus  greatly 
magnifying  the  effect  of  errors  of  observation.  The  results  given  in 
each  instance  for  the  Direct  Method  are  average  values  obtained  from 
five  sets  of  observations.  Table  VI  gives  comparative  values  of  Zm 
derived  from  equations  (4)  and  (6)  for  a  frequency  of  500  cycles  per 
second.  In  Table  YII  are  given  values  of  Z^^_^  as  measured  and  as 
computed  from  equation  (5),  using  the  value  o£  Z^  derived  from 
equation  (4) .  The  check  between  corresponding  values  of  Zi,.,,  is  much 
better  than  between  corresponding  values  of  Z^.  In  obtaining  Zn,  from 
equation  (6)  errors  in  the  measurement  of  Z,,.o  are  magnified  in  Zn,. 
The  agreement  between  corresponding  values  of  Z„  is  not  in  general 
very  satisfactory. 

By  the  Bridge  Method  it  is  possible  to  obtain  the  resistance  and 
reactance  components  of  the  mutual  impedance,  as  shown  by  the  results 
given  in  Table  V.  By  the  Direct  Method,  only  the  absolute  magnitude 
is  obtained,  which  gives  no  information  concerning  the  relative  phase 
of  the  quantities  in  the  two  circuits. 

Prom  the  signs  of  the  mutual  reactances  (Xn),  given  in  Table  V, 
an  indication  may  be  obtained  of  the  relative  importance  of  electro- 
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static  &Dd  electromagnetic  induction  at  the  lower  frequencies,  for  the 
rariona  eonditiona  of  the  circaits  at  the  distant  end.  When  both  cir- 
coita  are  isolated  at  the  distant  end  electrostatic  indnction  is  favored 
and  the  sign  of  the  mntuftl  reactance  is  negative  np  to  approximately 
800  cycles,  "When  the  distant  ends  of  both  circuits  are  grounded,  con- 
ditions are  most  favorable  for  electromagnetic  induction  and  the  signs 
of  the  mutual  reactances  ^ven  in  Table  V  for  this  condition  and  for 
frequencies  900  cycles  and  leas,  is  positive.  When  either  cirenit  is 
grounded  at  the  distant  end,  the  other  being  isolated,  the  sign  of  the 
mutual  reactance  is  positive  for  the  lower  range  of  frequencies  and 
negative  for  the  upper,  indicating  that  electromagnetic  induction  is 
the  more  important  for  the  lower  frequencies. 

In  the  following  table  there  are  given,  for  purposes  of  comparison, 
corresponding  values  of  mutual  impedance  measured  by  the  Direct 
Method  and  the  computed  total  mutual-reactance.  The  latter  is  obtained 
by  applying  the  computed  unit-coefficients  given  in  technical  report 
No.  56,  to  the  total  length  of  line,  neglecting  leakage,  attenuation 
and  phase-change  along  the  circuits,  and  assuming  the  induc- 
tion to  be  entirely  electrostatic  when  both  circaits  are  open  at  the 
distant  end  and  entirely  electromagnetic  when  grounded.  These 
approximations  obviously  do  not  hold  for  the  length  of  line  and  frequen- 
cies used  in  these  tests.  The  comparisons  are  interesting,  however,  in 
showing  the  magnitude  of  the  error  to  which  such  assumptions  would 
]ead  in  this  particular  case. 


It  will  be  seen  from  the  table  that  the  numerical  magnitude  of  the 
measured  mntnal-iinpedance  and  computed  total  mutual-reactance  are 
very  nearly  equal  when  the  distant  ends  of  the  circuits  are  closed  but 
differ  greatly  with  the  distant  ends  open.  The  close  agreement  for  the 
case  of  distant  ends  closed  is  regarded  as  largely  accidental,  as  there 
seem  to  be  no  rational  grounds  for  expecting  such  a  result  to  occur  in 
general,  particularly  at  the  higher  frequencies.  It  is  to  be  expected  in 
both  cases  that  the  agreement  between  the  measured  impedance  and  , 
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eompated  total  reactance  would  be  best  at  the  low  Irequeneifs  beoaose 
at  such  frequencies  the  attenuation  and  phase-change  are  leae  and  the 
condition  of  the  cdrouita  at  the  distant  end  becomes  of  more  importance 
in  determining  the  character  of  the  indujstion,  whether  largely  electro- 
static or  eleetromagnetic  Comparisons  corresponding  to  those  will  be 
found  in  teehnical  report  No.  54,  for  a  frequency  of  50  eyeleg  at 
which  frequency  the  approximations  above  mentioned  are  considered 
justifiable. 

B — Tbansveesb  Induction. 

1.  Doscription  of  Method. 

The  method  used  to  determine  the  coefficients  of  transverse  induction 
ia  analogous  to  the  first  or  Direct  Method  employed  in  the  longitudinal 
induction  test,  that  is,  simultaneous  measurement  of  the  current  sup- 
plied to  the  power  circuit  and  the  current  induced  in  the  telephone 
circuit  through  a  measuring  circuit  of  known  impedance.  Since  the 
*  current  in  the  telephone  circuit  was  too  small  to  be  measured  by  any 
of'the  meters  available,  a  comparison  method  was  employed,  using  a 
telephone  receiver  as  a  current  detector.  A  definite  proportion,  adjiist- 
able  at  will,  of  the  current  supplied  to  the  power  circuit  was  shunted 
through  the  telephone  receiver,  A  switch  was  arranged  so  that  the 
receiver  could  be  alternately  placed  across  the  shunt  in  the  power  circuit 
and  across  the  telephone-circuit  terminals.  Resistances  in  series  and 
shunt  with  the  receiver  were  adjusted  until  the  same  volume  of  sound 
was  observed  with  the  receiver  in  the  two  positions.  Settings  were 
made  by  three  or  four  observers,  for  a  range  of  frequencies,  and  for 
four  conditions  of  the  circuits  at  the  distant  end. 

2.  Summary  of  Besvlts. 

The  following  tables  qjimmarize  the  results  obtained. 

TABLE   IX. 
OI«tant-End  Condition! — Tranivai-M  Induction. 
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Grounded  Open 
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3.  Disonstion  of  Results. 

Plot*  of  the  results  of  this  test  are  shown  on  drawing  No.  311,  which 
is  attached  to  this  report.  The  individual  obaervations  at  each  fre- 
quency varied  over  a  considerable  range.  These  individual  observations 
were  considered  in  determining  the  "best  representative  line."  The 
values  given  in  Table  X  are  not  the  averages  of  the  individnal  obser- 
vations but  were  taken  from  the  corves  on  drawing  No.  311. 

Following  is  a  table  giving  corresponding  values  of  measured  mntual 
impedance,  and  of  computed  total  mutual  reactance.  The  computed 
values  are  obtained  by  applying  the  unit  coefficients  given  in  technical 
report  No.  56  to  the  resultant  length  of  unbalanced  exposure,  neglecting 
leakage  attenuation  and  phase-change  along  the  circuits,  and  assuming 
that  the  induction  is  entirely  electrostatic  when  the  circuits  are  open  at 
the  distant  end  and  entirely  electromagnetic  when  closed. 
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The  values  of  measured  mutual  impedance  are  in  all  eases  several 
times  the  computed  total  mutual-reactance,  the  discrepancy  being  far 
greater  than  was  noted  in  the  case  of  longitudinal  induction.  There  are 
several  reasons  for  this  greater  discrepancy.  The  effects  of  attenuation 
and  phase-change  are  greater  and  also  the  error  introduced  by  neglect- 
ing electromagnetic  induction  in  the  one  case,  and  electrostatic  induction 
in  the  other  is  greater,  since  resonance  of  the  telephone  circuit  for 
transverse  induction  occurs  at  a  lower  frequency  than  for  longitudinal 
induction.  There  is  also  the  effect  of  the  admittance  and  series  imped- 
ance unbalances  of  the  telephone  circuit.  The  effect  of  these  unbal- 
ances is,  in  this  case,  probably  to  decrease  rather  than  to  increase  the 
measured  transverse  induction.  This  is  discussed  in  greater  detail  in  a 
succeeding  section  of  this  report. 

A  large  part  of  the  discrepancy  between  the  measured  mutual  imped- 
ance and  computed  total  mutual  reactance  at  the  lower  frequencies, 
particularly  300  cycles,  is  probably  due  to  irregularities  in  the  line 
construction  which  impair  the  effectiveness  of  the  transposition  system. 
The  effect  of  irregularities  increases  relatively  as  the  length  of  unbal- 
anced exposure  is  decreased.  The  unbalanced  exposure  being,  in  this 
case,  small,  0.7%  of  the  total  length  of  the  line,  the  effect  of  irregulari- 
ties is  large. 

C — Effect  of  Admittance  Unbalance. 
1.  Analytical  Treatment. 
The  measured  transverse  induction  is  in  each  case  the  resultant  effect 
of  two  unbalances :  sides  of  telephone  circuit  to  power  conductors,  and 
sides  of  telephone  circuit  to  ground.  Though  the  two  sides  of  a  tele- 
phone circuit  may  be  equally  "exposed"  to  a  power  circuit,  if  unbal- 
anced to  ground,  and  if  the  circuit  be  raised  above  ground  potential,  a 
transverse  voltage  will  be  produced.  An  analytical  discussion  of  th»e 
matters  is  given  in  the  succeeding  paragraphs. 
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The  system  coDsisting  of  the  distnrbiiig  condnctors  (power-eircuit 
condactors  in  parallel),  the  disturbed  condtictora  (telephone  circuit), 
and  ground,  may  be  represented  by  a  network  of  adraittauees.  In  the 
equivalent  network  shown  in  the  diagram,  the  three  power  couduetors 
are  repreBcnted  by  one  condnctor,  designated  as  1.  The  telephone  con- 
ductors are  designated  a  and  b.  Y,,  Y.  and  Y^  are  the  direct  admittances 
to  ground  of  the  several  conductors  designated  by  the  subscripts.  Y,., 
Yjt  and  Yrt  are  the  direct 
admittances  between  the 
pairs  of  conductors  desig- 
nated by  the  subscripts. 
Should  it  be  desired  to  con- 
sider the  case  of  balanced 
three-phase  components,  an 
equivalent  direct  admit- 
tance for  a  grounded 
single-phase  circuit,  having 
the  same  inductive  effect" 
as  the  actual  three-phase 
circuit,  could  be  obtained. 
To  obtain  the  ratio  of 
the  transverse  open-circuit 
voltage  to  the  longitudinal 
open-circuit  voltage,  assume  the  sending  ends  of  the  disturbed 
conductora  isolated,  and  a  voltage  E  impressed  on  the  disturbing  con- 
ductors. For  this  condition  I,  and  !»,  the  currents  in  the  disturbed 
conductors,  are  each  equal  to  zero.  If  E,  and  Et,  are  the  potentials  of 
the  disturbed  conductors,  the  transverse  open-eireuit  voltage  is  E,  —  E^ 
and  the  average  longitudinal  open-circuit  voltage  is  ^(E,  -|-  En).  The 
ratio  of  the  transverse  to  the  longitudinal  open-circuit  voltage  is  given 
by  the  following  equation : 

E.  —  Eb  2  { Y„Yb  —  Y,t,Y.) 


(7) 

i  (B.  +  Eb)       Y..Y,  +  Y,kY.  +  2  (Y,.  +  Y„)  Y.,  -+-  2Y,bY,. 

If,  as  in  the  practical  ease,  Yj,  —  Y»  is  small  as  compared  to  Yi.  -f-  Y, 
and  Y,,  —  Y,^  small  as  compared  to  Y,,  +  Y,,,  equation  (7)  may  be 
reduced  to  the  form. 


E.  —  Eb 


Y,.Yi,~y.fcY, 


(8) 


i(E.4-Et)        2Y..    -    Y^fc 
Y^b  is  the  equivalent  transverse  admittance  of  the  disturbed  circuit, 
the  admittance  measured  between  the  two  disturbed  conductors. 
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If  Y„  =  YiB  the  ratio  of  transverse  to  longitudin&l  voltage  ia  deter- 
mined by  the  admittance  unbalance  to  ground  and  under  this  condition. 
E.  — Bfc  Tb  — T.       Tb  — T.  T. 


(9) 


i  (E.  +  EO  2T^fc  Tb  +  T.        T^.1, 

If  T,^Th  the  ratio  of  transverse  to  longitudinal  voltage  is  deter- 
mined by  the  admittance  unbalance  to  the  disturbing  conductor,  under 
this  condition, 

E.  — Eb        T..  — T,b        T. 

= —  .  (10) 

i(E.  +  Eb)      T,.  +  T,b       T^, 

Examination  of  equations  (9)  and  (10)  shows  that  the  transverse 
open-circuit  voltage  is  in  each  case  directly  proportional  to  the  longi- 
tudinal open-circuit  voltage  and  the  percentage  admittance  unbalance  to 
ground  or  to  the  disturbing  conductor  aa  the  case  may  be.  Hence,  the 
two  percentage  unbalances  are  equally  important.  Furthermore,  if  the 
.same  side  of  the  disturbed  circuit  has  the  greater  admittance  both  to  the 
disturbing  conductor  and  to  ground,  the  two  effects  are  approximately 
in  opposition. 

The  equivalent  admittances  Yd  —  Y,  and  Y^i,  may  be  measured  at 
the  terminus  of  the  circuit  whether  or  not  this  point  is  also  the  terminus 
of  the  exposure.  The  measured  equivalent  admittance-unbalance  to 
ground  (Yi,  —  Y,)  includes  also  the  effect  of  seriea-impedanee  unbalance 
of  the  disturbed  circuit  as  well  as  the  effect  of  capacitance  and  conduct- 
ance unbalance  to  ground.  If  the  longitudinal  voltage  at  the  terminus 
of  the  circuit  is  known,  the  open-circuit  transverse- voltage  due  to  admit- 
tance unbalance  to  ground  may  be  computed  from  equation  9. 

The  circulating  current  through  an  instrument  of  admittance  Y, 
connected  at  this  point  is, 

Y(Y.  — Yb)  E.  +  E* 

1  = -  (11) 

2Y..b  +  2Y  2 
and  the  short-circuit  current  is, 

Y.  — Yb  E.-fEfc 

I„  = .   (12) 

2  ■  2 

2.  Application  to  Experimental  Results. 

AFeasurements  of  the  admittance  unbalance  to  ground  of  the  San 

Fernando-Somis  telephone  circuit  were  made  for  one  condition  only  of 

the  circuits  at  the  distant  end,  that  of  both  circuits  isolated  and  open. 

These  measured  admittance  unbalances  are  shown  on  drawing  No.  297, 

.  .Cookie         [ 
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attached.  The  tranavene  admittance,  T..^,  is  the  reciprocal  of  the 
tr&nsrerse  self-impedance  of  the  telephone  circuit  which  was  meamred 
in  connectioQ  with  the  determination  of  the  coefficients  ol  transverse 
induction  (Table  XI). 

The  computed  ratio  of  transverse  to  lon^tndinal  open-circuit  voltage 
dne  to  admittance  unbalance  to  ground,  is  shown  on  drawing  No.  320, 
together  with  the  ratio  of  the  measured  transveMc  to  longitudinal  open- 
circuit  voltage.  The  ratio  of  the  measured  values  ia  less  than  the  ratio 
computed  from  the  admittance  unbalance  to  ground,  indicating  that 
the  transverse  induction  due  to  the  admittance  unbalance  to  the  power 
oondnctora  is  in  approximate  opposition  to  that  due  to  the  nnbalaace 
to  ground. 

Drawing  No.  316  shows  the  ratio  of  measured  transverse  to  longitudi- 
nal induction  for  all  four  condltitfns  of  the  circuits  at  the  distant  end. 
Sufficient  measurements  to  determine  the  effect  of  admittance  unbalance 
to  ground  in  all  these  cases,  were  not  made. 

3.  Effect  of  Trantpositiona. 

TranspoaitioDs  in  a  telephone  circuit  tend  to  balance  the  direct  admit- 
tances to  ground  as  well  as  the  direct  admittances  between  the  telephone 
conductors  and  equivalent  power  conductor.  These  transpositions  do 
not  reduce  the  average  admittance  to  ground  or  to  the  power  conductor, 
hence  do  not  affect  the  longitudinal  induction. 

In  the  case  of  a  nontransposed  telephone  circuit  subject  to  induction 
from  balanced  components  in  a  three-phase  circuit;,  transpositions  in 
the  power  circuit  reduce  the  admittances  between  the  equivalent  power 
conductor  and  the  disturbed  telephone  conductors  in  the  same  propor- 
tion as  their  diilerence,  hence,  the  ratio  of  transverse  to  longitudinal 
induction  is  not  reduced  by  the  power  circuit  transpositions,  the  longi- 
tudinal and  transverse  induction  being  reduced  in  the  same  proportion. 

After  the  admittances  to  ground  and  to  the  power  conductor  are 
balanced  as  far  as  practicable  by  telephone-circuit  transpositions  further 
reduction  of  the  resultant  transverse  induction  is  possible  by  power- 
circuit  transpositions  in  the  case  of  balanced  components,  and  by  reduc- 
tion of  the  magnitude  of  the  residuals  in  the  case  of  residual  components. 

IV.  BMomi. 

With  the  frequencies  and  length  of  line  used  in  these  tests  both  elec- 
trostatic and  electromagnetic  effects  are  present  in  all  cases  to  such  an 
extent  that,  although  their  relative  importance  varies,  it  can  not  be  said 
that  the  one  or  the  other  factor  becomes  entirely  negligible.  Further- 
more, attenuation  and  phase-change  effects  become  of  practical  import- 
ance, particularly  at  the  higher  frequencies.    To  compute  the  induction 
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under  the  eonditiona  of  these  tests  requires  a  solution  of  the  problem 
for  lines  of  uoifonuly  distributed  constants.  The  coefficients  of  induc- 
tion computed  for  this  and  other  parallels  have  been  for  unit  sections 
of  short  length  such  that  attenuation  and  phase-change  could  be 
neglected  and  electrostatic  and  electromagnetic  induction  separately 
considered.  For  both  transverse  and  longitudinal  induction  and  for  two 
conditions,  distant  ends  of  the  circuits  open,  and  distant  ends  of  the 
circuits  closed,  computations  were  made  of  the  total  mutual  reactance, 
obtained  by  applying  the  unit  coefficients  given  in  technical  report 
No.  56,  to  the  computed  unbalanced  exposures.  A  comparison  of  these 
results  with  the  measured  mutual  impedances  shows  that  the  approxima- 
tions involved  in  such  computations  are  not  justifiable  with  the  fre- 
quencies and  length  of  line  used  in  the  tests  discussed  in  this  report. 

Terminal  conditions  at  the  distant  end  of  either  circuit  affect  the  rela- 
tive magnitude  and  phase  of  the  electrostatic  and  electromagnetic  com- 
ponents of  the  induced  voltages  and  currents.  Reflection  occurs  at  the 
distant  end  except  in  the  special  case  where  both  circuits  are  closed 
through  their  characteristic  impedances  (Standardization  Rules — A.  I. 
E.  E. — July  1, 1915 — paragraph  918)  for  the  frequency  considered.  In 
certain  cases  aueh  an  arrangement  may  prove  desirable  for  test  purposes. 
Unless  a  single  frequency  is  dealt  with  it  is  obvious  that  reflection  will 
always  occur. 

None  of  the  four  conditions  of  the  circuits  at  the  distant  end  corre- 
spond exactly  to  the  condition  which  would  exist  in  operating  practice. 
They  do,  however,  represent  the  extreme  range,  and  measurements 
under  such  conditions  are  especially  valuable  in  determining  the  effect- 
iveness of  a  given  change  in  transpositions,  as  they  are  definite  and 
easily  duplicated,  and  afford  also  an  index  of  the  severity  of  the  induc- 
tion. "Terminal  conditions"  at  the  ends  of  a  parallel  such  as  exist 
with  the  circuits  in  normal  operation  vary  to  some  extent  and  it  would 
be  difficult  to  duplicate  these  conditions  for  purposes  of  tests  on  the 
portion  of  the  circuits  within  the  limits  of  the  parallel.  On  the  whole, 
the  four  distant-end  terminal  conditions  used  in  this  ease  are  the  most 
satisfactory  for  testing  purposes. 

Since  the  tests  were  made  under  but  one  condition  of  the  telephone  cir- 
cuit as  regards  transpositions  it  is  not  possible  to  determine  by  compari- 
sons with  other  testa  the  effect  of  transpositions  on  the  transverse 
Induction,  The  transposition  system  installed  was  designed  to  give  a 
minimum  of  unbalanced  exposure  between  the  two  circuits;  the  trans- 
verse induction  coefficientii  as  measured,  are  therefore  indicative  of  the 
induction  which  remains  when  the  unbalanced  exposure  is  reduced  to 
the  lowest  practicable  limits. 
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The  importance  of  longitudinal  induction  and  admittance  unbalance  in 
producing  circulating  currenta  in  metallic  telephone  circuits  is  shown  by 
tb«  equations  given  in  a  preceding  section.  Though  the  two  sides  of  a 
telephone  circuit  may  be  equally  exposed  to  induction  from  a  power 
circait,  if  the  admittance  to  ground  or  series  impedance  of  the  telephone 
UTcult  be  unbalanced,  there  will  be  a  voltage  between  ita  sides  should 
the  circuit  as  a  ^vliole  be  raised  above  ground  potential.  The  circulating 
corrent  due  to  this  voltage  is  directly  proportional  to  the  product  of  the 
longitudinal  voltage  and  the  equivalent  admittance  unbalance,  and  may 
be  diminished  by  reducing  either  or  both  factors.  The  best  result  may 
be  obtained  by  minimizing  both  as  far  as  practicable :  the  unbalance  of 
the  telephone  circuit,  by  transpositions  throughout  its  entire  length,'  by 
the  use  of  well  balanced  equipment  and  by  careful  maintenance ;  and 
the  longitudincd  induction,  by  power-circuit  transpositions  within  the 
parallel  co-ordinated  with  the  telephone-circuit  transpositiona,  and  by 
limiting  the  residuals  to  small  magnitudes. 

Respectfully  submitted. 

(Signed)     Livingston  P.  Fberis, 
Assistant  Field  Engineer. 
AnicHMEN-is :  P.  I.  G.  DrnwingB  No.  297,  308,  310,  311,  31S  aod  320. 
Amomi;  Januarr  25.  1916. 


(Signed)     R.  W.  Mastick, 

Field  Engineer. 


AmortD:  Ma7  9,  1916. 


Sdbcommittee  on  Tests, 
(Signed)     J,  E,  Woodbridob, 

Chairman. 

Joint  Committee  on  Indtjctivb  Interfebbnce, 

(Signed)     Arthur  F.  Bridob, 

Secretary. 
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Technical  Report  No.  56. 

February  ID,  1916. 
DETERMINATION    OF    COEFFICIENTS    OF    INDUCTION    IN    A    SHORT 
SECTION  OF  THE  SAN  FERNAND0-S0MI8  PARALLEL.     MEASURE- 
MENTS AND  COMPUTATIONS.     EFFECT  OF  TELePHONE  TRANS- 
POSITIONS. 

March   Zg-AprU  11,   191G. 
ODTUNE. 
I.  INTRODUCTION. 
PnrpoM  and  Scope, 
II.  DESCRIPTION  OP  PARALLEL. 

Conflgi) ration  and  relative  position  of  circnita. 

Table  I — Transpositions  and  lengths  o£  unbalanced  espomire. 

III.  MEASUREMENTS. 

^ — Balanced  Voltages. 

1.  Description  of  Method. 

2.  Summary  of  Results. 

Table  II — TraDSverse  induction  for  nontransposed  and  tranapoaed 
telephone  circuit — relationship  of  induction  and  unbalanced 
exposure. 

3.  Discussion  of  Beaults. 

Effect  of  atmospheric  electrification, 
B — Balanced  Currents. 

J.  Description  of  Method. 
2.  Sammar;  of  Results. 

Table  III — Xransrerie  induction  for  nontranapoaed  and  tratispoaed 
telephone    circuit — relationship    of    induction    and    unbalanced 
exposure— longitudinal  induction. 
S.  Discussion  of  Resutts. 

Two-span  and  square  type  trauapoaitions. 

Table  IV — Comparison  of  two-span  and  sqaare  tfpe  transpositions. 
C — Single-Phase  Currents. 

1.  Description  of  Method. 

2.  Summary  of  Resalts. 

Table  V — ^Transrerse  .  and  lon^tudina]  iaduction,  nonbanspoaed 
circuits. 

3.  Discussion  of  Results. 
D — Residual  Voltage. 

1.  Description  of  Method. 

Grounding  croasacms  and  pins  to  prevent  leakage. 

2.  Summary  of  Results. 

Table   VI — Transverse   and   longitudinal   induction,   nontransposed 

circuits. 
Table  VII— Effect  of  shielding. 

3.  Discussion  of  Results. 

Errors  dne  to  induction  into  leads  and  atmospheric  electrlScatian. 
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B— Bcsidnal   Current. 

1.  DMcrlption   at   Method. 

Prec&utioDB  taken  to  mintmise  ctwdnction  effects 

2.  Summary  of  Results. 

Table  VIII — Tnuurreree  inductloa  in  nontraiupoeed  and  trsna- 
posed  telephoDe  drcuit  from  different  combinaCioiu  of  power 
condncton — relationship  of  induction  and  unbalanced  eipoemre. 

Table  IX — Longitudinal  iadnctlon  in  telepfaone  from  different  com- 
binations of  power  conductors. 

Table  X — Induction  between  different  combinktfa)iw  of  powei 
condactore. 

Table  XI— Shielding  effect  of  Idle  power  conductors  on  loneitadlnol 
induction  between  power  omdoctots. 

3.  DiscDSsion  of  Results. 

Effect  of  irregularities. 

Effect  of  conduction  on  longitudinal  mesHurementa. 
Effect  of  KToond  resistance  on  shielding. 

Comparison  of  coefficients  of  induction  with  those  of  comple-" 
meotary  case  in   stDKle-phase  testa. 

IT.  OOUPUTATIONS. 
DeKrlption. 

Dimenaions — asaiunptions^-lmaga  conductors. 
Scope  of  computations. 

Determination  of  depth  of  equivalent  ground-plane. 
Sammary  of  Results. 

Table  XII — Transverse  and  longitudinal  induction  from  balanced, 
single-phase  and  residual  voltages  and  currents,  nontranspoaed 
circulta. 
Table  Xltl— Ratio  of  transverse  to  longitudinal  IndnctkHi  In  tele- 
phone circuit  from  balanced,  single-phase  and  residniJ  volta^ea 
and  currents,  nontranspoBCd  circuits. 
Table  XIV— Effect  of  electrostatic  shielding  on  the  longitodlnal 
snd    transverse    induction    in    telephone    circuit    from   iMidnal 

Table  XV — Effect  of  electromagnetic  shielding  on  the  longitudi- 
nal induction  between  combinations  of  power  conductoisl  from 
"retidtutr'  enrieDt 

V.  C0MP.\RISON  OF  MEASURED  AND  COMPUTED  COBFPIOIBNTS. 


Table  XVII — Longitudinal  and  traBBvene  indvctlDn  between  con* 
ductors  of  power  line,  from  "reeidaal  current." 

Table  XVIII — Longitudinal  Induction  from  residual  current,  with 
allowance  for  ground  reristance  oommoil  M  diatnrbed  and  dis- 
tuAing  circuits. 

Differences  between  measured  and  computed  coefficients  of  trans- 
verse electromagnetic  induction. 

Effect  of  errors  in  assumed  sei^rktioh  of  circoita. 

Effect  of  capacitance  unbalance  on  transveise  eleotreststic  indvc- 

Table  XIX — Transverse  electrostatic  indnctlon  -with  allowance  for 

capacitance  unbalaoca  of  tiettidKniQ  drcnit. 
Table  XX— ElecUosljatic  shielding,  Inductiop  (rota  risldnaj  Tol^ffc 
P^lectromaguetic  shielding,  induction  from  residual  cnrreiit.C_iOOQlC 
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VI.  RESUME. 

Comparison  of  measurements  and  computatioDS. 

Effect  of  capAcitance  unbalance. 

Relative  accuracy  of  computed  coefficients  and  lUmensions. 

Relationship  of  induction  and  uubalatiaed  exposare— effect  of  irrec- 

ularities. 
Adsptabititf   of  computations  for  Htndy  of  effect  on  induction  of 

variationa  in  conSguration  and  relative  location  of  clrcoitB. 

I.  IntrodueUon. 

Tiiia  report  presents  the  results  of  measurements  and  compntations  of 
the  GoefBcients  of  induotion  for  short  sections  of  the  San  Femando- 
Somis  parallel.  Measurements  of  the  coefficients  of  longitudinal  induc- 
tion and  of  the  effect  of  power  transpositions  for  the  whole  parallel  are 
described  in  technical  report  No.  54.  It  was  not  practicable,  in  the 
tests  there  reported,  to  study  the  effects  of  telephone  transpositions  or 
to  measure  the  eoefScients  of  transverse  induction.  The  length  of  line 
used  in  the  tests  here  reported  was  such  that  it  was  praoticable  to  take 
out  all  the  telephone  transpositions,  thus  giving  an  opportunity  to  obtain 
the  coefficients  of  transverse  induction  for  the  nontransposed  condition 
of  both  power  and  telephone  circuits,  and  also  to  insert  tranepositiona 
at  desired  points  in  the  telephone  line,'  in  order  to  determine  the  effect 
of  different  lengths  of  transverse  unbalanced  exposure. 

Measurements  of  the  coefficients  of  both  longitudinal  and  transverse 
induction  were  made  for  balanced  vcdtages,  balanced  currents,  single- 
phase  currents,  residual  voltages  and  residual  currents.  All  the  meas- 
urements were  made  at  the  fundamental  frequency  of  50  cycles  per 
second. 

The  uniformity  of  the  parallel,  and  the  possibility  of  making  measure- 
ments on  the  nontransposed  power  and  telephone  circuits,  presented  an 
excellent  opportunity  for  comparison  between  computed  and  experi- 
mentally determined  coefficients.  Accordingly,  the  coefficients  of  induc- 
tion were  computed  for  all  the  conditions  for  which  the  measurements 
were  made. 

n.  Dsaoriptum  <d  Pandit 

The  parallel  involved  is  a  short  section,  15156  feet  in  length  (pole 
No.  84  to  pole  No.  99),  of  the  San  Femando-Somia  15000-Tolt,  single- 
circuit,  three-phase  line  of  the  Pacific  Light  and  Power  Corporation. 
(In  a  few  cases,  noted  in  each  instance,  a  still  shorter  section  was  used; 
3840  feet  in  Imgth.)  On  Drawing  No.  230,  which  is  attached  to  this 
report,  is  ^ven  a  cross-sectional  diagram  of  the  line.  The  sizes  and 
spaoings  of  aonductors  are  uniform  throughout  this  section,  the  only 
irregularities  being  small  variations  in  the  sag  of  conductors,  heights 
of  poles  and  in  the  separation  of  the  power  and  telephone  circuits. 
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caused  by  the  use  of  sospendon  instead  of  pin  iDsuIatora  at  road 
eroauugs  and  coniera.  Drafring  No.  230  ia  baaed  on  the  average  height 
of  the  conductors  above  ground,  and  allows  for  the  sag,  on  the  assump- 
tion that  the  power  and  telephone  conductors  sag  by  the  same  amoont. 
The  possible  error  due  to  this  asanmptioD  is  discussed  later. 

ITiere  were  no  transpoaitiona  in  the  power  circuit  within  the  section 
of  line  tested.  At  the  beginning  of  the  tests  there  were  sixteen  trang- 
posTtiouB  in  the  telephone  circuit.  After  making  some  tests  with  the 
telephone  line  in  this  condition,  the  transpositions  were  all  removed.  At 
poles  Nob.  67  and  83,  located  near  the  half -point  and  three-fourths  point, 
respectively,  of  the  line,  strain  insnlators  and  Fahnstock  clips  were 
arranged  bo  that  the  circuit  could  be  readily  transposed  or  nntransposed 
at  those  points. 

Ijengthfi  of  unbalanced  exposure  in  feet  and  per  cent  of  the  total 
len|^  of  line  for  each  condition  of  the  telephone  circuit  as  regards 
transpositions  are  given  in  TaUe  I  beloW. 


in.  Meamrements. 

A — BaIuUICSD  YCHA'AaBS. 

1.    Description  of  Method. 

The  distant  ends  of  both  power  and  telephone  circuits  were  isolated, 
thus  favoring  electrostatic  induction  and  minimizing  electromagnetic 
induction.  The  power  circuit  was  energized  from  the  P.  L.  &  P.  net- 
work through  step-down  transformers  connected  delta^delta  and  step-up 
transformers  connected  delta-star  with  the  neutral  of  the  step-iip  bank 
grounded.  Grounding  the  neutral  practically  eliminated  the  residual 
voltage  due  to  the  capacitance  unbalance  of  the  nontrauaposed  power 
circuit.  The  third-harmonic  residual  voltage  thus  introduced  was  found, 
in  this  case,  to  be  negligible)  hence  this  arrangement  was  used  as  giving 
the  nearest  practicable  approach  to  balanced  voltages. 

The  voltages  induced  in  the  telephone  circuit  were  measured  with 
an  electrostatic  voltmeter.  The  impedance  of  this  meter  was  very  large, 
eampared  to  that  of  the  telephone  circuit ;  hence  a  direct  reading  of  the 

.  .Cookie 
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open-circuit  vgltage  was  obtained.  Transverse  measurements  were  made 
with  the  telephone  circuit  nontramsposed  and  with  one  and  two  trans- 
poaitioQS  in  the  telephone  circuit. 

The  longitudinal  voltages  were  too  large  to  measure  directly  with  the 
electrostatic  voltmeter  (scale  0-80  volts).  Measurements  of  tite  short- 
circuit  current  were  made  but  are  not  reported,  aa  the  line  impedance 
necessary  for  reducing  these  observations  to  open-circuit  voltages  was 
not  obtained.  Satisfactory  meaanrements  of  the  coefficients  of  limgi- 
tudinal  induction  were  obtained  in  the  tests  reported  in  technical  report 
No.  54. 

Some  additional  measurements  of  transverse  open-drcmt  voltage 
were  made  on  a  nontransposed  section  of  line  3840  feet  in  length,  both 
power  and  telephone  circuits  being  isolated  at  pole  No.  50.  In  this 
section  of  line  the  pins  and  erossarms  of  the  power  circuit  were  all 
grounded. 

2.  Summary  of  Results. 
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3.  Discussion  of  Res'ults  {balanced  voUages). 

The  measurements  of  voltage  induced  in  the  nontranspoaed  telephone 
circuit  for  the  two  lengths  of  line,  made  on  different  days,  differ  by 
about  11  per  cent.  At  the  time  the  measurements  on  the  shorter 
section  were  made  considerable  difficulty  was  experienced  with  atmos- 
pheric electrification.  This  effect  was  not  noticed  in  the  measurements 
on  the  15156-foot  section.  Since  an  instrument  (electrostatic  voltmeter) 
responsive  to  undirectional  potential  differences  was  used,  the  readings 
of  open-circuit  voltage  were  increased  by  the  atmospheric  electrification, 
hence  the  measurements  in  which  the  readings  were  smaller  (made  on 
the  longer  line),  are  probably  the  more  reliable. 

The  voltages  obtained  with  no  transpositions  and  two  transpositions 
are  approximately  proportional  to  the  respective  lengths  of  unbalanced 
exposure.  With  one  transposition  the  induced  voltage  is  approximately 
16  times  as  great  as  would  be  expected  from  the  length  of  unbalanced 


,Gooi^lc 


TBCHNICAIi  RBPORr  NO.  BS.  425 

exposure.    This  may  be  due  in  part  to  the  presence  of  the  atmospheric 
electricity  referred  to  above. 

B — Balanced  Currents. 

1.  Description  of  Method. 

The  distant  ends  of  both  power  and  telephone  cireuits  were  short- 
eircnited  and  grounded,  thus  favoring  electromagnetic  indnction  and 
minimiring  electroBtatie  induction.  Energy  was  obtained  from  the 
P.  L.  4  P.  15000-voIt  network,  using  two  banks  of  step-down  trauft- 
formers  in  parallel,  eonnected  delta-star,  the  neutrals  being  isolated  so 
aa  to  eliminate  residual  cm-rent.  The  longitudinal  and  transverse 
indaeed  current  of  the  telephone  circuit  were  measured  with  a  thermo- 
^vanometer,  using  series  resistance.  This  resistance  was  sufBeiently 
large  in  the  ease  of  the  measurements  of  longitudinal  induction,  and 
of  trassrerse  induction  on  the  nontranspoeed  telephone  circuit,  that 
neatly  open-circuit  voltage  existed  at  the  telephone-circuit  terminala. 
ThuB  the  values  of  induced  voltage  wore  practically  independent  of  the 
line  impedance,  thongh  allowance  was  made  for  it  in  reducing  the  data. 

2.  Sutmnary  of  SeaiUti. 
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3.  Discussion  of  Results  (baioMed  currents). 
The  transverse  induction  in  the  telephone  circuit  is  quite  closely  pro- 
portional to  the  length  of  uubalaneed  exposure  (see  last  column  of 
Table  III).  The  results  for  1  and  2  transpositions  in  the  telephone 
^rcnit  are  more  closely  in  accord  with  the  percentages  of  unbalanced 
t'xpoeure  than  is  the  case  with  16  transpositions.  It  should  be  noted  in 
this  connection  that  when  there  were  one  and  two  transpositions  they 
were  of  the  "square"  type,  t.  e.,  the  transposition  was  completed  at  the 
tfiinsposition  pole,  wherpiia  the  16  transpositions  originally  installed 
were  of  the  ordinary  "tHO-apiin'*  type.    With  transpositions  occurring: 

jgic 
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at  every  fourth  pole,  the  plane  of  the  telephone  circuit  is  horizontal  for 
only  about  one-half  the  total  length  of  the  line.  In  the  other  half,  the 
plane  of  the  telephone  circuit  is  rotating  from  one  horizontal  position  to 
the  other  through  the  vertical  position.  The  coeffioient  of  induction 
varies  with  the  position ;  hence  the  induction  ia  not  exactly  proportional 
to  the  computed  unbalanced  exposure.  To  teat  this  matter  furthei' 
stHue  observations  of  induetion  from  balanced  earrents  on  a  stiU  shorter 
aeoticra  of  line  (3840  feet)  were  made,  first  with  four  "two-span"  type 
transpositions  in  the  circuit  and  then  with  four  "square"  type  trajis- 
positions  located  at  the  same  poles.  The  computed  unbalanced  exposure 
was  in  «ach  case  312  feet.    The  results  are  given  in  the  following  table : 
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In  this  instance  also  the  "square"  type  transpositions  give  a  result 
more  nearly  proportional  to  the  length  of  unbalanced  exposure.    The 

chief  cause  of  the  disadvantage  (if1*e*'two-apan"  transpositions  is  the 
inequality  -of  the  spans  adjacent  to  the  transposition  poles.  Although 
it  was  observed  in  this  test  that' tran^ositions  of  tlie  "square"  type 
were  more  efficient  than  those  of  the  "two-span"  type  it  should  not  be 
concluded  that  this  will  hold  in  all  ca^es.  In  a  long  section  of  line 
the  irregularities  in  the  transposition  spans  will  tend  to  be  balanced 
and  hence  the  advantages  of  tiie  "sqnare"  over  the  "two-span"  type 
will  probably  be  small. 

C — Single-phase  Cureents, 

1.  Descri^ion  of  Method. 
Both  the  power  and  telephone  circuits  were  short-circuited  and 
grounded  at  the  distant  end  and  the  loops  formed  by  pairs  of  power 
conductors  were  energized  in  turn.  The  transverse  and  longitudinal 
induced  currents  of  the  telephone  circuit  and  the  longitudinal  induced 
current  of  the  idle  power  oonductors  were  measured  with  a  thermo- 
galvanometer,  The  induced  voltage  was  obtained  from  the  induced 
current  and  the  meter  and  line  impedances. 
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2.  Summary  of  SetuUs. 

TABLE  V. 
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3.  Discission  of  Results  (single-phase  currents). 
The  measnreinents  of  transverae  induction  from  sinj^le-phaae  currents 
were  made  ooly  for  the  nontrsnsposed  tekpfaons  dreuit.  The  mults 
show  that  the  greatest  induction  in  the  telephone  cireuit  oeoais  when 
the  upper  and  lower  power  oooductors  are  eoergized,  whereas  under  the 
same  condition,  the  longitudinal  induction  in  the  idle  power  oooductor, 
which  is  in  this  case  equidietaot  from  the  two  energized  conductors,  is 
a  minimum. 

D — ^BESmUUj  VOUTABB. 

1.  Description  of  Method. 
Both  power  and  telephone  circuits  were  open  and  isolated  at  the 
distant  end.  The  cooduetors  of  the  power  circuit  were  energized  singly, 
two  in  parallel,  and  three  in  parallel,  the  magnitude  of  the  impressed 
residual  voltage  being  such  as  to  give  aii  open-circuit  voltage  in  the 
telephone  circuit  that  could  be  measured  directly  on  the  eleetrostati© 
voltmeter.  Measurements  were  made  of  both  transverse  atid  longitudi- 
nal t^en-cireuit  voltage  of  the  telephone  circuit  with  the  various  com- 
binations of  power  conductors  energized. 

The  measurements  were  all  made  on  the  section  of  line  to  pole  No.  50, 
3840  feet  in  length,  the  pins  and  croasarms  of  the  power  circuit  being 
grotmded  to  prevent  direct  conduction  between  the  two  circuits. 
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2.  Summary  of  Results. 
The  results  of  this  test  are  summarized  in  two  tables  given  below. 
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TABLE  VII. 
Tcan«vBrM   and    Lonoltudlnal    InducUon   from 
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3.  Discussion  of  Results  {Residual  Voltage). 

In  the  longitudiDal  measurements  it  was  necessary  to  impress  rather 
\<m  voltage  on  the  disturbing  conductor  so  that  the  voltage  induced  on  the 
disturbed  oonduetor  would  be  within  the  range  of  the  electrostatic  volt- 
meter. The  leads  from  tlie>  disturbed  conductor  to  the  laboratory  were 
paralleled  for  a  distance  of  approximately  60  feet  by  the  leads  extending 
from  the  15000-volt  supply  to  the  substation.  Although  this  parallel 
was  a  smalL  proportion  of  the  3840-foot  exposure  its  voltage  to  ground 
was  much  higher,  being  approximately  9000  volts,  hence  the  longitudi- 
nal measurements  are  subject  to  an  error  from  this  source. 

Both  transverse  and  longitudinal  measurements  are  subject  to  an 
error  from  atmospheric  electrification.    Everj-  effort;  was  made  to  elimi- 
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Date  this  error  by  making  the  meajnirements  in  tbe  early  morning  and 
in  the  late  evening  when  this  effect  was  a  minimum.  At  these  times, 
however,  the  effect  of  leakage  became  more  appreciable. 

The  shielding  effect  on  the  transverse  induction  of  grounding  the  two 
idle  conductors  wafi  observed  to  be  amall  when  the  lowest  pomer  con- 
ductor was  energized.  A  larger  shielding  effect  was  observed  in  the  case 
of  loDgitudiaal  induction. 

E — Residual  Cubbent. 

1.  Description  of  Method. 

The  three  conductors  of  the  power  circuit  were  grounded  at  the  dis- 
tant end  (pole  No.  99)  so  as  to  permit  of  a  large  residual  current  with 
a  minimum  impressed  voltage.  At  the  laboratory  the  conductors  of  the 
power  circuit  were  energifbd  at  a  single-phase  voltage  to  ground  of 
approximately  540  volts.  To  determine  the  effects  of  individual  con- 
ductors and  combinations  of  conductors  at  different  separations  from, 
the  telephone  circuit  they  were  connected  to  the  supply  singly,  in  pairs, 
and  all  three  in  parallel.  The  telephone  circuit  was  short-circuited  at  the 
distant  end  and  the  induced  current  measured  (by  thermo-galvanome- 
ter  with  series  resistance)  simultaneously  with  the  current  supplied 
to  the  power  circuit,  with  the  telephone  circuit  nontran^osed  and  with 
one  and  two  transpositions  iu  the  telephone  circuit.  In  the  case  of  the 
measurements  on  the  nontranspoaed  telephone  circuit  the  combined  meter 
and  series  resistance  was  so  lar^  that  the  observed  voltage  was  prac- 
tically independent  of  the  line  impedanoe. 

For  the  longitudinal  measurements  the  disturbed  and  disturbing 
conductors  were  connected  to  separate  grounds  at  both  ends  of  the 
circuits.  Special  precautions  were  taken  to  make  the  resistances  of  the 
ground  contacts  low,  and  to  have  the  two  grounds  at  each  end  of  the 
parallel  sufficiently  far  apart  to  minimize  their  mutual  effect.  Notwith- 
standing the  precautions  taken,  a  small  amount  of  ground  resistance,  of 
indeterminate  magnitude,  remained  common  to  the  two  circuits. 

The  longitudinal  open-cireuit  voltage  in  the  telephone  circuit  was 
measured  with  each  combination  of  power  conductors  energized.  In 
the  cases  where  only  one  or  two  power  conductors  were  energized  the 
loagitudinai  induction  in  the  idle  power  conductor  or  conductors  was 
determioed.  With  one  power  conductor  enei^ized  the  transverse  open- 
circuit  voltage  of  the  two  idle  power  conductors  was  measured. 
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2.  Summary  of  Results. 
The  results  of  this  teat  are  summarized  in  four  tables  given  below. 

TABLE  VIII. 
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TABLE  XI. 
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■Sum  at  currents  In  enaryteed  oonductora  only. 

3.  DiscwitOTi  0/  BesiiHa  (Besidual  Current) . 

The  transverse  indnction  in  the  telephone  circuit  is  approximately 
proportional  to  the  length  of  nnbalanced  exposure,  the  discrepancy 
noted  beii^  probably  dne  to  the  irregularities,  ConBidering  the  untrana- 
posed  condition  of  the  telephone  circuit,  the  greatest  coefficient  of  induc- 
tion is  obserred  when  the  lowest  power  conductor  is  energized.  The 
coefficient  with  all  three  energized  is  very  closely  the  average  of-  the 
three  coefficients  for  the  power  conductors  energized  singly. 

The  longitudinal  measurements  are  all  eubjeet  to  aa  effect  due  to 
condnctioQ.  The  amount  of  the  ground  resistance  common  to  disturbed 
and  diatQrbing  circuits  is  indeterminate  since  separate  ground  contacts 
were  uaed  for  the  two  circuits  at  each  end,  but  as  will  be  shown  in  a 
succeeding  section  of  this  report,  the  differences  between  the  computed 
and  observed  coefficients  can  be  satisfactorily  explained  by  the  assump- 
tion of  a  single  value  of  ground  resistance  common  to  the  two  drcuita, 
which  is  well  within  reasonable  limits. 

i:.,::.:,7odovGoO<^Ic 
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Considering  induction  between  power  conductors  the  large  degree  of 
shielding  obtained  (Table  XI)  is  due  to  the  large  amount  of  ground 
resistance  common  to  the  distnrbed  and  shielding  circuits,  the  same 
ground  contacts  being  used  for  these  circuits  at  each  end.  This  makes 
the  coupling  between  the  disturbed  and  abielding  circuits  very  close. 

Comparing  the  coefficients  of  transverse  induction  in  two  power  con- 
ductors due  to  "residual  current"  in  the  third  with  the  coefficients 
for  the  complementary  case  under  "Single-Phase  Currents"  (page  417) 
of  longitudinal  induction  in  one  power  conductor  due  to  single-phase 
current  in  the  loop  formed  by  the  other  two,  it  is  to  be  noted  that  the 
coefficients  recorded  in  this  section  are  the  greater  (by  4%  to  7%) 
except  in  the  instance  of  the  middle  conductor  against  the  upper  and 
lower  conductors,  in  which  case  the  induction  was  too  small  to  give 
good  meter  readings.  They  should  be  the  same,  since  the  "disturbing" 
and  "disturbed"  circuits  were  simply  interchanged  in  the  two  tests. 

IV.  Oomjnttations. 

The  dimensions  given  on  Drawing  Xo.  230,  attached,  form  the  basis 
for  the  computations  of  the  coefficients  of  induction  described  and 
discussed  in  this  section  of  the  report.  The  dimensions  are  given  in 
inches  between  centers.  The  data  were  obtained  from  drawings  showing 
standard  construction  of  the  Pacific  Light  and  Power  Corporation.  It 
was  assumed  that  all  the  conductors,  both  power  and  telephone,  have 
the  same  sag  so  that  the  average  distances  between  conductors  and 
between  circuits  are  those  which  obtain  at  the  cross-arms.  The  avert^e 
height  of  the  conductors  was  obtained  from  the  average  height  at  the 
cross-arms  and  an  assumed  sag.  There  is  possibility  of  considerable 
error  in  the  dimensions,  due  to  a  difference  in  sag  and  to  variations 
from  standard  construction.  The  error  in  the  assumed  dimensions 
is  probably  about  5%. 

As  a  basis  of  the  formulas  used  in  these  computations,  it  is  assumed 
that  the  radii  of  the  conductors  are  small  compared  to  the  distances 
between  them  and  that  both  are  small  compared  to  the  length  of  the 
conductors.  The  ctHnputations  are  based  upon  the  further  assumption 
that  the  mutual  resistance  between  disturbed  and  disturbing  circuits  is 
zero.  In  all  the  electromagnetic  computations  the  distortion  of  the 
field,  due  to  the  iron  telephone  conductors,  was  neglected. 

For  electrostatic  induction  the  positions  of  the  image  conductors  were 
reckoned  from  the  earth's  surface.  For  electromagnetic  induction  the 
position  of  the  equivalent  earth  plane  was  determined  by  a  comparison 
of  the  measured  self  inductance  of  the  three  power  conductors  in 
parallel,  using  the  full  length  of  line  to  Somis,  and  the  computed  self 
inductance  which  is  plotted  on  drawing  No.  307  as  a  function  of  the 
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depth  of  the  equivaleDt  earth  plane.  It  was  assusied  that  the  poution 
thus  determiaed  holds  for  the  short  section  of  line.  However,  the  errors 
which  would  have  been  introduced  by  neglecting  the  effect  of  the  image 
conductors  on  the  coefficients  of  electromagnetic  induction  from  bal- 
anced and  single-phase  currents,  amount  to  less  than  3%  for  longitudi- 
nal induction,  and  less  than  0.004%  for  transverse  induction.  For 
residaal  currents  the  coefficients  of  induction  were  computed  for  several 
positions  of  the  equivalent  earth  plane  and  the  results  are  plotted  oa 
drawings  Nos.  231,  272  and  314;  showing  the  effect  of  variations  in  the 
depth  of  equivalent  earth  plane  on  the  induction  from  residual  currents. 

The  coefficients  of  longitudinal  induction  for  each  telephone  con- 
ductor and  for  the  two  in  parallel,  and  the  coefficients  of  transverse 
induction,  arising  from  balanced  voltages,  balanced  currents,  single- 
phase  currents,  residaal  voltages  and  residual  currents  are  given  in 
Table  XII  below.  For  residual  voltage  and  residual  current,  besides 
the  Donnal  case  of  three  power  conductors  energized  in  parallel,  the 
coefficients  for  the  power  conductors  energized  singly  are  given. 
Furthermore,  the  coefficients  of  induction  from  one  power  conductor 
into  another  and  the  Induction  between  two  power  conductors  with  the 
third  energized  are  given. 

The  coefficient  of  transverse  induction  from  balanced  voltages  is 
greater  than  the  coefficioits  of  transverse  induction  from  residual  volt- 
age. Since  residual  voltage  is  defined  as  the  vector  sum  of  the  voltages 
to  ground,  for  balanced  and  residual  voltages  of  equal  magnitude,  the 
relative  magnitudes  of  the  voltages  from  individual  conductors  to 
ground  are  1  and  J,  reapeetively.  Also  the  electric  field  about  the  power 
conductors  diminishes  more  rapidly  with  increase  in  separation  when 
balanced  voltages  are  impressed  than  when  residual  voltages  are 
impressed,  and  since  the  transverse  induction  is  a  measure  of  the  change 
in  potential  between  two  points  in  close  proximity,  the  coefficient  o£ 
transverse  induction  may  reasonably  be  greater  for  balanced  voltages 
than  for  residual  voltage. 
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TABLE  XII. 
Cempiitsd  CoBfftolanta  of  Induction  for  NontrantpoHd  Circuit*— Langtb  15,1E4  F 


E 

Induud  i.dt*«»-miU  pwTott  or  latm 

idiip«««i.Aiasn 

Dluniun 
rut« 

IRM 

«™«. 

•  1  "*  I'r" 

^b 

.|.  |. 

.-.  1    .-.    1  « 

Balaoeed 
voltage 

all 

0J)56   0X149   0.052 

0.0067 

Balanced 
current 

all 

0.128    0.116    0.122 

0X>129 

Slngle-pbaae 

current 

1—2 
3-3 
3-1 

0J»2   0.072    0,077 
0.066   0.061    0.064 
0.M8   0.133  0.140 

0.0097 
0XXM9 
0XI1« 

0203 
0.100 

ftooa 

Residual  volt- 

all 
1 
2 
8 

0.101   0.068  OJJW 

0.185  0.176  aiao 

0.158    0.153    0.155 
0.138    0.135    0.136 

aooas 

0.0066 
0.0048 

aooeo 

0.318     02K 
0.313                0526 
0.240   OJt22 

OM 

osxm 

0.083 

Eosldual  cnr- 

all 
1 
2 
3 

1.07     1.0S     1.07 
1.16      1J3      1.14 
1X17      1X16      1.06 

1.00   om    1.00 

0.0150 
OSBSl 
0X1134 

O.00M 

1.44       1.24 

1.44                  l.« 
1.24     1.44 

0J» 
0.0042 
0.903 

In  Table  XIII  are  tabulated  values  of  longitudinal  and  transverse 
induction  for  nontranaposed  circuits  together  with  their  ratios.  It  will 
he  noted  that  the  ratios  for  thfe  balanced  and  single-phaae  components 
are  greater  than  for  the  residual  components.  Considering  the  induc- 
tion from  single-phase  and  residual  components,  the  ratio  of  transverse 
to  longitudinal  induction  decreases  as  the  separation  between  power 
and  telephone  conductors  is  increased,  indicating  that  the  rate  of  change 
of  the  transverse  induction,  with  change  in  separation,  is  greater  than 
that  of  the  longitudinal  induction.  The  limited  cumber  of  cases  upon 
which  this  conclusion  is  based  does  not  permit  of  its  being  stated  u 
general  for  all  conditions.* 

•See  T.  R,  No.  SB. 
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DktiuWiiC  tutor 

«a«^^ 

;2.'^^L« 

T»n.r.» 

T«™«. 

all 

0,052 

CP.0067 

0.129 

Balanced  carreut 

all 

0.122 

0.0129 

0.106 

SfDsle-pb&se  curreot 

1-2 
3-3 
1-3 

0.077 
0JI64 
0.140 

0.0097 
0.0M9 
0.0146 

0.126 
0.077 
0.101 

Residual  Tolta^e 

all 

S 
3 

0.090 

0.180 

■    0.159  ■ 

0.136 

0.0085 

ojwse 

0.0048'  ■ 
0.0030 

a086 

0.I»1 
0.022 

Besldanl  current 


ami 

0.020 
0.013 
0.000 


Vm  the  special  cases  of  refudnal  roltage  and  residual  current  ^th  a 
nngie  conductor  of  the  power  circuit  energized,  the  shielding  effects  of 
gnoit^g  the  idle  powet  conduetors  were  computed  and  the  results  are 
given  in  Tables  XIV  and  XV. 


TABLE  XIV. 
*NMIng  by  Qroundlng  Idla  Powar  Conductor*.     Induction  In 
Rati  dual  Voltage. 

Teieplton*  Circuit  from 

CcwMlndH^nlUa. 

•«^ 

Tan. 

tnictt 

ShleldBd 

Tatta 

phtsk 

Bbl>llhHl 

StakUM 

i  — 

UndUeiaed 

1 
2 

i 

0.180 
0L165 
0.136 

ai33 

0.069 
0.075 

0.74              0.00658 
0.57               0.00482 
0.55              0.00296 

0.00777             0.91 
0.0O226            0.47 
0.00036            0.12 

.ds.Goo>^Ic 
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PawuoaducUirHa. 

ComimM  iDduod  TolUct 

,»™. 

— 

T»U.|Hriiiii*n 

SMtIM 

nmirblDi 

Duhlslctod          ShMtet 

CinliUU*! 

V.  OompariBon  of  Meomred  and  Oompnted  Ooeffleienta. 

To  facilitate  comparison  of  the  meaaured  and  computed  coefficients 
of  induction  for  the  nontransposed  condition  of  the  circuits,  correspond- 
ing values  are  given  in  the  following  tables,  together  with  the  ratios  of 
measured  to  computed  values. 


TABLE  XVI. 

, ipulod  CoefDclen . _. 

Telephone  circuit — Nontranepoied  Circuit! — Length  161H  Feet* 


esxs       Qsm 

OMB  D.084 

0.150  0.140 


0.009  0.096 

aiTS  0.189 

aut  ai55 

0.140  0.186 


aoiss      osxm 
9J0OSR      om» 

0.0178         0.0146 


OJMM 
0.0075 

aooes 

0.0015 


'   tranaverfle    Induction    from    reeldual   voltage   made  o 
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TABLE  XVII. 


Comparlun  of  Meatured  and  Computed  Casfllclenu  of  InduoUon  from  "neolilual 
Currant."  Bvtwaan  Conductora  of  Nontranapoasd  Powar  Circuit — Langth  1B1BB 
Faat. 


FM««l>d»(«lNDL 

jmoM^ 

VolI.,«-«,p«. 

>MM«M 

Volt!  par  uw« 

m™». 

!»-«, 

«—l  — 

CooootH 

1         2 
1           1      2-3 

!        8 

LflB 

1.U 
1.24 

1J7 
L18 

ojae 

0.199 

IDS 

2 

3 
1—3 

l.» 
1^ 

L44 
1.44 

U7 
1.17 

ttsm 

OXKH 

0.76 

3 

1 

1-2 

2 

1.49 
1.70 

1.24 
1.44 

1.20 

i.ia 

oja9 

ojAe 

iJ)e 

It  is  impossible  to  make  a  true  comparison  of  the  measured  and 
ccsnpnted  coefficients  of  longitudinal  induction  from  reeidnal  current, 
since  under  the  conditions  of  thQ  tests  the  amount  of  ground  resistance 
eommoQ  to  both  circuits  is  not  known,  separate  grounds  having  been 
used  for  each  circuit  at  both  ends  of  the  parallel.  The  magnitude  of 
the  ground  resistance  common  to  both  circuits  which  would  be  necessary 
to  satisfactorily  explain  the  difCerenee  between  the  measured  and  com- 
puted values -of  the  coefBcients  of  induction  has  been  found  to  be 
0.8  ohm.  This  figure  does  not  appear  unreasonable  inasmuch  as  the 
disturbing  circuit  contained  about  9  ohms  ground  resistance  and  the 
disturbed  circuit  about  75  ohms.  Accordingly,  the  values  of  longitudi- 
nal induction  from  residual  current  have  been  recomputed  on  the 
assumption  of  0.8  ohm  ground  resistance  common  to  both  disturbed 
and  disturbing  circuits  and  are  given  in  Table  XVIII.  Without  such 
allowance  the  maximum  difference  between  the  measurements  anrl 
computations  amounts  to  26%.  Had  not  separate  ground  connections 
been  used  for  the  two  circuits  in  the  residual-current  tests  the  effect  of 
ground  resistance  would  have  greatly  outweighed  the  effect  due  to  the 
mntoal  inductance  between  the  two  circuits,  which  condition  was  not 
desired. 
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TABLE  XVItl. 


Comparrson  of  Maaaurad  and  ComiMned  Coalllctanta  of  Longl. 
tudlnal  Induction  from  Rcaldual  Current.  0-S  Ohm  Common 
Oround    RMlrtano«   Aaaumad. 


The  measured  coefficients  of  tranaverse  electromagnetic  induction 
are  in  all  cases  greater  than  the  computed,  the  differences  ranging  from 
7  to  27  per  cent.  The  differences  are  mainly  due  to  two  classes  of  errors 
which  may  have  any  phase  with  respect  to  each  other,  experimental 
errors  which  affect  the  measurements,  and  errors  in  the  assumed  dimen- 
sions which  affect  the  computations.  In  the  measurements  on  the  pon- 
transposed  telephone  circuit  the  experimental  error  is  less  than  5%. 
With  the  small  separation  of  circuits  which  obtains  in  this  parallel,  the 
coefficients  of  transverse  induction  change  rapidly  with  changes  in  sepa- 
ration. Computations  show  that  1%  change  in  vertical  separation 
causes  2J%  change  in  the  coefficients  of  transverse  induction  from  bal- 
anced currents.  It  was  assumed  in  the  computations  that  the  power  and 
telephone  conductors  sag  the  same  amount.  Since  the  power  conductors 
are  copper  and  the  telephone  conductors  iron,  it  is  reasonable  to  suppose 
that  the  power  conductors  sag  the  greater  amount.  This  would  cause 
the  actual  separation  to  be  less  than  that  assumed,  and  hence  the  com- 
puted coefficients  to  be  too  small. 

The  error  in  the  computed  coefficients  of  electromagnetic  induction 
due  to  the  assumption  of  unit  permeability  for  the  telephone  conductors 
is  small  as  compared  to  those  discussed  above.  When  a  cylindrical  iron 
conductor  is  placed  transversely  in  an  otherwise  uniform  magnetic  -field 
the  field  is  distorted,  more  lines  of  induction  passing  through  the  iron 
than  through  a  space  of  equal  extent  on  either  side.  The  field,  however, 
remains  symmetrical  with  respect  to  the  iron  conductor  and  hence  the 
total  flux  interlinked  with  the  circuit  is  the  same  aa  if  the  field  were 
not  distorted.  Since  the  magnetic  field  intensity  about  the  power  con- 
ductors is  not  uniform  there  is  a  slight  increase  in  the  total  flux  enclosed 
by  the  circuit  due  to  the  increased  permeability  of  the  space  occupied 
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by  the  iron  eondactorg.  On  aecotint,  however,  of  the  small  change  in 
fidd  intensity  over  the  area  ooeapied  by  the  telephone  condocton 
(0.03%  for  reBidoal  cmrent)  and  between  them  (4.7%}  and  the  imall 
eroBS4e«tion  area  of  iron,  this  effect  is  not  of  practical  importance,  on 
either  longitudinal  or  transverse  induced  voltage.  This  is  entirely  apart 
from  a  eoneideration  of  the  effect  of  the  iron  on  the  induced  current. 
Its  effect  in  inereanng  the  impedance  of  the  circuit  has  an  important 
bearing  in  this  regard. 

The  measured  coeflScients  of  tranaverae  induction  from  residual  volt- 
age are  in  all  eases  less  than  those  computed,  the  extreme  difference 
being  50%.  As  shown  below  this  large  difference  is  due  to  capacitance 
unbalance  of  the  telephone  circuit,  it  being  assumed  ia  the  computations 
that  the  telephone  circuit  was  perfectly  balanced.  Measurementa  were 
made  of  capacitance  tmbalance  and  transverse  capacitance  of  the  non- 
transposed  telephone  circuit  to  Pole  No.  99.  The  capacitance  unbalance 
is  plotted  on  drawing  No.  K4,  attached.  The  magnitude  of  the  trana- 
verse  open-circuit  voltage  due  to  the  measured  capacitance  unbalance  to 
ground  (assuming  same  capacitances  per  unit  length  applied  to  section 
to  pole  50)  and  the  computed  longitudinal  voltage,  was  determined  by 
ufliiig  formula  9  of  technical  report  No.  55.  Measurements  confirm 
whAt  is  to  be  expected  from  the  position  of  the  power  and  telephone 
circaits,  with  respect  to  each  other  and  the  poles,  that  the  teleph<»ie 
«Hiduetor  having  the  greater  capacitance  to  the  power  circuit  also  has 
the  greater  capacitance  to  ground.  Hence,  in  accordance  with  technical 
report  No.  55,  the  effects  of  the  unbalances  to  the  power  circuit  and  to 
ground  are  in  opposition.  Allowance  for  this  has  been  made  la  the 
computed  coefficients  of  transverse  induction  given  in  Table  XIX,  which 
are  thus  brought  into  mueh  closer  agreement  with  the  measurements. 
The  measured  coefScients  exceed  these  computed  values  from  0  to  12% 
for  residual  voltages,  and  15%  for  balanced  voltages.  This  relationship 
of  measured  and  computed  coefficients  is  in  accord  with  the  case  of 
electromagnetic  induction. 


TABLE  XIX. 


Com  par  I  ion  o 

Circuit   Conildcrgd. 


"*«**•««« 

roltl 

»__ 

CompuUd 

Balanced  voltagTBi 

1,2.3 

o.am 

o«m 

1.15 

Besldnal  voltage 

1,2.3 
1 
2 
3 

0.0026 
0.0075 

0.0033 

aoois 

0.0024 
0JW67 
0.0031 
0.0015 

i.oa 

1.12 
1.0S 
1.0O 

Gooi^Ic 
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Table  XK  compares  the  shieldiiig,  m^ured  and  computed,  for  the 
case  of  induction  from  "residual  voitage,"  one  power  conduetw  beit^ 
energized  and  the  other  two  grounded.  The  computed  values  of  shield- 
ing for  transverse  iDductioD  take  account  of  the  oapacitauce  unbalanoe 
of  the  telephone  circuit.  For  longitudinal  induction  the  observed  sbidd- 
ing  was  smaller  than  the  computations  indicated.  For  the  on«  ease  of 
shielding  on  transverse  induction  for  which  measurements  were  made, 
the  two  values  check  very  closely, 

TABLE  XX. 

id  Computac.   ,.     ._ 

Inductlen  In  Telaphone  CIri 


Ruldual   VolUg*. 

Indund  Kluo 

^ssX'ir' 

louUudlnil 

Tr.,iu.<n. 

Mtuund     {    CompoUd* 

1  081 

2  0.71 

3  0.S2 

a7* 

0.57 
O.SG 

0.97               0.99 

-  0.41 

-  0.32 

•Capacitance  unbalance  of  the  telephone  circuit  consiaered. 
The  electromagnetic  shielding  effects  observed  in  the  residnal-current 
test  are  very  much  greater  than  the  computed  shielding  effects  as  a 
comparison  of  Table  XI  and  Table  XV  will  show.  In  the  computations 
it  was  assumed  that  the  ground  resistance  waa  negligible,  whereas  there 
was  approximately  8  ohms  in  the  disturbing  circuit,  and  75  ohms  common 
to  both  the  disturbed  and  shielding  circuits.  ApproKimately  0.8  ohm 
was  common  to  all  three  circuite.  Computing  the  shielding  with  these 
values  of  ground  resistance  the  computations  and  observations  are  in 
satisfactory  agreement.  A  comparison  of  Tables  XI  and  XV  shows 
the  relative  importance  of  the  mutual  inductance  and  mutual  resistance. 
It  will  be  seen  that  the  effect  of  the  mutual  resistance  is  far  the  more 
important  in  this  case. 

VI.  Resume. 

In  the  preceding  sections  the  features  of  chief  interest  have  been 
discussed  in  connection  with  the  tables  presenting  the  data.  In  Se&- 
tion  V  detailed  comparisonB  between  measured  and  computed  coefficients 
are  given.  The  purpose  of  this  resum^  is  to  comment  only  upon  the 
more  important  aspects  of  the  report. 

The  measured  coefficients  of  induction  are,  with  one  or  two  exceptions, 
greater  than  the  computed  values.  The  coefBcients  of  longitudinal 
induction  are  in  better  agreement  than  the  coefficients  of  transverse 
induction.  An  error  in  eepiwation  of  circuits,  such  as  would  be  caused 
by  a  wrong  assumption  in  regard  to  relative  sag  of  the  two  circuits, 
would  cause  all  the  computed  coefficients  to  be  in  error  in  the  same 
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direction  and  the  tfanarerse  coefficients  to  be  in  greater  error  than  the 
loagitndinal.  Tbe  disagreements  noted  between  the  computed  and 
measured  coefficients  are  such  as  to  make  this  explanation  of  tbe  differ- 
ences probable.  There  are  no  grounds  for  believing  that  the  iron  of  the 
telephone  conductors  appreciably  modifies  the  mutual  inductance. 

In  the  comparison  of  computed  and  measured  coefficients  of  transverBe 
electrostatic  induction  account  must  be  taken  of  capacitance  unbalance 
to  ground  of  the  telephone  circuit.  It  is  aasumed  in  the  computations 
based  uptm  the  dimensions  of  this  system  that  the  telephone  circuit  is 
perfectly  balanced.  Allowance  for  the  measured  capacitance  unbalanee, 
made  by  applj^g  formula  9  of  technical  report  No,  55,  brings  the 
measured  and  computed  values  of  transrerse  electrostatic  induction 
into  reasonably  close  accord.  In  this  particular  case  the  effect  of  this 
unbalance  is  to  decrease  the  iuduetioD  as  compared  to  what  it  would  be, 
were  the  telephone  circuit  perfectly  balanced  to  ground.  That  the 
effects  of  the  unbalance  to  ground  and  unbalance  to  power  circuit  arc 
in  opposition  is  in  accord  with  the  positions  of  the  two  circuits  with 
respect  to  each  other  and  the  poles,  causing  the  same  telephone  conduc- 
tor to  have  the  greater  capacitance  both  to  the  power  circuit  and  to 
ground.  The  effect  of  capacitance  unbalance  to  ground  is  greater  for 
rendnal  than  for  balanced  voltages,  since  for  the  latter  the  ratio  of 
transverse  to  longitudinal  induction  is  greater.  At  the  separations  used 
in  these  experiments  the  rehitive  effect  of  capacitance  unbalance 
increases  as  the  separation  of  circuits  increases,  since  the  transverse 
induction  decreases  more  rapidly  than  the  longitudinal  induction  with 
a  ^ven  increase  in  separation. 

With  the  relative  position  of  circuits  considered  in  this  report,  the 
accuracy  of  the  computed  coefficients  of  longitudinal  indnction  is 
approximately  that  of  the  dimensions  upon  which  the  computations  are 
based.  The  coefficients  of  transverse  induction  are  less  precise  than  the 
dimensions,  since  a  cban^  in  separation  causes  a  greater  change  pro- 
portionately in  the  coefficients  of  transverse  induction. 

When  the  length  of  unbalanced  exposure  is  a  considerable  part  of  the 
total  length  of  line  the  measured  induced  voltage  is  approximately  pro- 
portional to  the  computed  unbalanced  exposure.  For  an  unbalanced 
exposure,  small  as  compared  to  tbe  total  length  of  line,  the  effects  of 
irregularities  are  mors  apparent  and  hence  more  induction  is  measured 
than  would  be  expected  from  the  computed  length  of  unbalanced 
exposure. 

Comparison  of  the  r^ults  of  the  measurements  and  computations 
shows  very  cleaiiy,  as  is  to  be  expected,  that  the  coefficients  of  induction 
for  short  imiform  parallels  between  nontransposed  circuits  may  be  com- 
puted with  sufficient  accuracy  for  all  practical  purposes.  For  the 
higher  harmonics  and  for  long  parallels  greater  refinements  in  eompu-  i  , 
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tatioos  become  oeeeesarj.  In  irregular  parallelB,  ^nd  in  cases  of  fre- 
quently transposed  circuits  such  that  the  unbalanced  exposures  are  aioall 
£raction3  of  the  total  length  of  the  parallel,  accurate  computations  of 
the  induction  are  difficult  aud  measurements  are  to  be  pref^red. 

An  investigation  of  the  relative  merits  of  different  conjSgurations  of 
both  power  and  telephone  circuits,  based  upon  the  corresponding  coeffi- 
cients of  induction  and  degree  of  unbalance  to  ground  of  eircaits  for 
unit  nontranspoeed  sections,  and  an  investigation  of  the  variatJon  of 
induction  with  reparation  and  relative  positions  of  circuits,  can  be 
carried  out  by  means  of  computations  more  advantageously  than  by 
experimental  determinations.  Such  ccunputations  could  b?  made  in  far 
le^  time  than  would  be  required  for  aa  experimental,  inveatigfttioii 
and  w'iih  a  fraction  of  the  expense,  and  the  information  derived  would 
be  fully  as  valuable.  The  chief  sourees  of  disagreement  between  the 
computations  and  measurements  recorded  in  this  report  are  experi- 
ment^ errors,  errors  in  assumed  dimensions,  capacitance  unbalance  and 
ground  resistance.  In  a  comparison  of  different  configurations  and  in  a 
study  of  the  variation  of  iaductioQ  with  separation,  such  errors  would 
not  affect  computations.  On  the  other  hand  they  would  be  sources  of 
difficulty  in  an  experimental  study.  The  eifects  of  capacitance  unbal- 
ance and  of  ground  resistance,  on  the  coefficients  of  induction,  could  be 
separately  studied  if  desired.  The  effect  of  variations  ia  the  dep^  of 
the  equivalent  earth  plane,  within  the  range  indioated  by  previous  tests, 
should  be  considered  in  the  computations.  Further  experimental  data 
concerning  the  depth  of  earth  currents  under  various  practical  con- 
ditions can  be  obtained  independently  of  any  measurements  of  induction 
between  power  and  communication  circuits,  by  self-impedance  measure- 
ments on  grounded  circuits. 

Respectfully  submitted. 

(Signed)     LlviNQSTOtr  P.  Ferris, 
Assistant  Field  Elngineer. 

Attacuuents  :  P.  I.  C.  Drawings  Kos.  230,  231.  272.  307.  314  and  324. 
Appboved:  February  18,  isiB. 

(Signed)     R.  \V.  Mastick, 

Field  Engineer. 
Appboved  :  Mar  %  IBIO. 

SoBOOMMrrTBB  OH  Tests, 
(Signed)     J.  E.  Woodbsidg&,  - 

Chairman. 

Joint  Coukitteb  on  Inductive  JxTEntsmstsg, 
.  ■  -         (SigBfid)  .  AkthurF.  Bbuhse, 

SwJretary. 
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B — Purpai& 

IL  DESCRIPTION  OF  TRANSPORMERS  AND  UNIL 


III.  SCOPE  OF  TESTS. 
IV.  RESULTS  OF  TESTS. 
A — Ma^Itade  of  lUtio. 
B — Ineqn^it7  of  Ratio,  by  COmpsrlsoo. 
C— Apparent  BetMnal  Vintage  by  DelU-DetU  CoBnecUoD. 
D — iDtemal  Impedance  aod  EzciUng  Admittiuice. 
B — Anxillary  Trsnsfornier,  Ratio*  tud  Impedances.  . 
F — Tests  Under  Operating  Conditions. 


A — BesIdnaU  of  Same  Freqaencies  as  the  Balanced  Voltages,  dne  to  Adinit- 

tSDoe  Unlialanea. 
B — Rasidoala  of  Trlple-Hanmutio  Frequendts,  due  to  TorlttioD  (rf  FemM- 

biUty. 

VI.  CONCLUSIONS. 
Z.  IntrodvctiinL 

A — ^Rbview  o¥  Pbevwus  Woek. 
Measurements  of  the  reaidtial  voltage  of  an  electrical  system  by  poten- 
tial transformers  are  subject  to  errors  introduced  by  the  transformer; 
the  residual  voltage  may  also  be  modified  by  their  preaence.  Two 
methods  of  measuring  residual  voltage*  have  been  used  in  the  Commit- 
tee's tests.  The  £rst,  known  as  the  "delta"  method,  consists  of  deter- 
mining the  voltage  across  the  open  comer  of  the  secondary  delta  of  a 
bank  of  transformers,  whose  primaries  are  connected  in  Y  with  neutral 
grounded.  The  second,  known  &s  the  "Y"  method,  eonsiHts  of  deter- 
mining the  v<dtage  between  the  neutral  point  of  the  T-oonnected  pri- 
maries of  the  bank  of  transformers  and  ground,  their  secondaries  beini; 


*Of  three-phase  clrcutta. 
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connected  in  closed  delta.  Some  inTestigations  of  these  methods  have 
been  made  and  the  resolts  set  forth  in  technical  reports  and  memoranda, 
as  follows: 

Technical  report  No.  13  gives  results  pf  tests  made  at  Salinas,  Cal., 
in  April  and  July,  1913,  on  the  bank  of  potential  transformers  herein- 
after described!    These  teats  inclnded  measurements  of 

(a)  voltage  ratio  between  pairs  of  low-tension  tape, 

(b)  intemal  impedance, 
{cj   inequality  of  ratio, 

(d)  voltage  across  open  comer  of  high-tension  delta  when  excited 

from  low-tension  side  with  windings  connected  in  delta, 

(e)  current  and  voltage  across  one  corner  of  low-tension  delta  when 

excited   from   high-tension   side   with   windings   connected 
either  delta  or  Y, 

The  frequency  of  the  snpply  was  60  cycles. 

Technical  report  No.  38  (7-f)  states  briefly  the  prineqi^l  results  of 
technical  report  No.  13,  with  some  corrections  thereto. 

A  memorandum  to  the  Chairman  of  the  Subcommittee  on  Tests,  dated 
January  8,  1914,  "summarizes  the  status  of  the  present  (delta)  method 
of  measuring  reffldual  voltiBg«."  The  errors  are  disonaged  and  the 
requirements  of  a  satisfactory  method  oiitlined. 

A  memorandum  dated  March  2Si  1914,  is  a  ".Comparison  of  Two 
Methods  of  Measuring  Residual  Voltage."  Drawing  No.  190,  attached 
thereto,  has  diagrams  of  the  two  methods. 

A  memorandum  4&ted  Mardi  17,  1915,  dispasses  conditiona  of  meas- 
urement of  residual  voltage  at  San  Fernando,  the  advantages  there 
present  for  tests  Of  the  methods  in  use,  and  ^ves  an  outline  of  test«. 

Copies  of  these  memoranda  are  attached  to  the  Secretary's  file-copy  of 
this  report. 

B — Pdrpose. 
It  was  the  purpose  of  the  tests  here  reported,  which  were  carried  out 
in  accordance  with  the  memorandum  of  March  17,  1915,  to  redeterauoe 
the  quantities  previoualy  measured ;  and  to  furnish  additional  luf orma- 
tJQU'  whereby  the  two  methods  of  measuring  residual  voltage  might  he 
compared,  and  their  errom  made  known. 

n.  Description,  of  Transfonners  and  X>ine. 
'         A — TeANapcmocBSw 

The  tests  were  made  on  the  three  13200/110-55-Tolt  potential  trans- 
formers, which  have  been  used  at  Salinas,  Santa  Crnz  and  San  Fernando 
for  residual-voltage  measorements  on  the  high-tension  lines.  ■  They  are 
of  General  Electric  Company  manufacture ;  Type  P,  Form  C,  200  watta. 
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Spec.  No.  36499,  25/60  cycles  with  serial  DUnbers  573936  (herein  desig- 
nated u  No.  1),  4588S9  (No.  2),  and  454896  (No.  3). 

A  2200-1100/110  Tolt  auxiliary  potential  transformer  was  naed  to 
measure  the  voltage  from  the  high-tension  neutral  of  the  potential 
tnmsfomieis  to  ground.  It  is  of  General  £lectrio  Covpanp  nianufac- 
ture;  Type  H,  Form  P.  A.,  10  watt,  Spee.  No,  12659,  60/125  cycle, 
Serial  No.  ISOOSS. 

The  energy  supply  for  testa  described  in  IV  C  and  IV  p  was  derived 
from  three  Westinghouse  37i-kVA.  220/14250-volt  step-up  transformers, 
which  were  connected  delta  on  the  low-tension  side  and  either  T  or 
delta  on  the  hl^teosion  side.  These  were  sapplied  fmn  the  Pacific . 
Light  ft  Power  (Corporation's  15-kV.  5()-cycle  system  through  a 
15000/22O-Tolt  delta-delta  bank  of  similar  transformers,  stepping  down. 
Both  banlu  were  isolated  from  ground. 

B — Teansmjbsion  Line. 
The  San  Femando-Somis  15-kV.  line,  used  in  testa  IV  P^  ia  36.7  miles 
in  length,  of  vertical  construction,  with  wires  of  No,  2  and  No.  4  B&S 
gauge  copper,  for  21%  and  79%  of  the  distance,  respectively.  The 
condnctors  are  five  feet  apart  and  the  lowest  one  is  approximately  forty 
feet  above  the  earth's  surface.  The  line  is  divided  by  five  tranapositicma 
into  two  complete  barrels,  closely  balanced.  This  line  has  been  used 
tbronghout  the  San  Fernando  tests,  .with  several  tranq)ositiQn  systems. 

in.  Scope  of  Twts.. 
In  the  present  investigation,  the  following  tests  were  made : 

A — The  ratios  of  transformation  were  determined  directly,  at  a 
low  value  of  impressed  voltage. 

B — The  inequalities  of  ratio  were  determined  by  connecting  the 
transformers  in  pairs,  and  measuring  the  differences  in  high- 
tension  terminal  voltages,  with  low-tension  coils  in  parallel, 
high-tension  coils  in  series  opposing. 

C — ^The  potential  transformers  were  connected  delta-delta  and  ener- 
gized on  the  high-tension  aide,  and  the  voltage  aeross  the 
comer  of  tJie  low-tenaioo  delta  (due  to  ratio  inequality  and 
triple  harmonics  of  magnetizing  current)   was  determined. 

D — The  internal  impedance  of  each  transformer  was  measured  at 
50  cycles.  The  internal- impedance  of  No.  1  was  itaeasured  at 
higher  frequencies.  An  approximate  determination  of  the 
exciting  admittance  was  made,  at  50  cycles,  for  a  considerable 
range  of  impressed  voKage. 

E — The  ratio,  internal  impedance  and  exciting  impedance  of  the 
auxiliary  transformer  were  measured. 
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F — The  potential  transformers  were  Gonn'ected  to  the  15-kV.  line, 
which  waa  open  and  clear  at  its  far  end.  This  line  was  eneir- 
gized  from  an  isolated  transformer  bank  connected  eiUier 
delta-Y  or  delta-delta.  The  potential  tranaformers  being 
connected  Y-delta  13200/110  volts,  measurements  of  neutral 
enrrent  or  voltage,  delta  circulating  current,  and  line  volt- 
ages to  ground,  were  made  with  various  values  of  resistanoe 
in  the  corner  of  the  delta  (from  1.6  to  6.70  ohms)  and  with 
the  following  conditions  of  the  primary  neutral: 

1.  Grounded. 

2.  Grounded  through  an  air-core  inductance  coil  designed 
to  make  the  external  impedance,  to  the  residual  current  intro- 
duced by  the  potential  transformers,  approximately  that  frith 
a  grounded-neutral  T-delta  bank  of  transformers  connected 
to  eadi  end  of  the  15-kV.  line. 

3.  Grounded  through  a  potential  transformer,  as  used  for 
measurement  of  residual  voltage  by  the  "Y"  method. 

4.  Isolated. 

IV,  KeBvlta  Of  Tests. 

A — Magnitude  of  Ratio. 
No  means  were  available  of  measuring  directly  the  ratio  of  the  poten- 
tial transformers  at  normal  voltage,  but  the  ratios  at  0.9%  and  1-8% 
rated  voltage  were  determined  by  the  method  shown  in  drawing 
No.  257,  A.  The  mean  results  of  all  observations  are  given  in  Table  I. 
These  resnlts  are  liable  to  be  in  error  by  approximately  J%,  but  their 
relative  values  are  somewhat  more  accurate. 
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The  impedance  drop  in  the  transformers  dne  to  the  greater  exciting 
current  and  to  the  load  current  will  cause  the  ratio  at  rated  voltage  to 
be  a  little  different  from  the  values  here  determined. 

B — Inbijdalitt  op  Ratio,  bt  Compaeison. 
By  connecting  the  low-tension  sides  in  multiple,  and  measuring  the 
differences  of  the  high-tension  terminal  voltages  with  an  aleetrostatic 
voltmeter,  the  differences  in  ratio  were  dfetermined.  The  conneotioiis 
are  shown  on  drawing  No.  257,  B.  The  data  are  plotted  on  drawing 
No.  258,  A  with  variable  low-tension  impressed  voltage.  It  is  evident 
that  at  a  given  impressed  voltage,  the  observed  difference  of  high-tension 
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termini  voltages  of  the  pair  having  maximum  differenee  of  ratio  shoald 
bfl  equal  to  the  sum  of  the  diSereuees  for  the  other  two  pain.    Sut^  is 
not  accurately  true  by  the  data  here  given.    The  discrepancy  has  been 
ucribed  to  capacitance  between  the  high-voltage  leads  as  indicated  by 
C'  in  drawing  No.  257,  B,  which  was  eliminated  as  far  as  possible  by 
Welding  the  leads  to  the  electrostatic  voltmeter.    Before  the  shield  was 
nsed,  erratically  varying  indications  were  given  by  the  electrostatic 
voltmeter,  though  the  unshielded  conductor  was  but  a  few  feet  in  length. 
Let  the  ratios  of  the  three  transformers  be 
No.l  =  K  +  x 
No.2  =  K  +  y 
No.3  =  K 
Impressed  voltage  =  E 
Potential  difference  on  voltmeter  >=  Vm 

Indnced  voltage  due  to  C  =  r 
Then  B  (K  +  y)  =E  (K  +  i) +r+ V„  (1) 

EK  =  E{K  +  y)+r  +  V„  (2) 

EK  =  E  (K  +  i)  +r4-V„  (3) 

Solving  for  x,  y,  and  r 

V„  +  V„  — 2V„ 

1  = (4) 

E 
■^i»  — V„ 

y= — —  (5) 

E 

'■=V.,-(V„  +  V,.)  (6) 

The  signs  of  the  Y'a  are  not  determined  by  the  measurements;  but 
the  value  of  r,  which  should  be  amative  and  small,  serves  as  a  criterion, 
r  is  negative,  because  the  induced  voltage  due  to  capacitance  C  is 
opposite  in  phase  to  the  magnetically  induced  voltage.  There  are  eight 
possible  combinations  of  signs  of  the  three  Vs,  four  being  negatives 
of  the  other  four.  Selecting  that  for  which  r  is  small  and  negative,  we 
have  as  data : 

E    =      115  volts  whence  x=      0.45 

Vij  =  — 118  volts  y  =  — 0.63 

V„  =  +    79  volts  r  =  —  6i 

■  V^g  =  — 45J  volts 

Assuming  that  K  =  120.0,  the  ratios  arc: 

TABLE  n. 

Ratativ*  Trantfonner  Ratro*. 


Potential  Tranrioniier  No.  1  130.4  H0.3  120.5 

PoMntlal  Transtomter  Mo.  2         llS-4  lldA  U9.4 

Potential  TrBDBlonner  No.  3         120.4  120.0  120.0 
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:  By  compairiBOtt  with  (A)  it  is  seen  that  tbe  two  determiqatioflS' agree 
as  to  ihe  relative  magnitudes  of  the  traDsfonnw  ratios.  As  is  to  be 
expected  and  as  shown  by  the  fact  that  the  eurres  of  drawing  No.  258-A 
are  approximately  straight  lines,  the  inequality  of  ratio  ia  pructieally 
unaffected  by  the  variation  of  impressed  voltage,  over  the  range  tested. 
To  detenoitie  the  error  due  to  inequality  of  ratios,  when  oonnected 
for  service,  assume  balanced  voltages,  E,  applied  betwew  the  lines 
and  the  neutral  of  the  three  bigh-tension  windings,  connected  in  Y. 
Then  the  apparent  residual  voltage  Er  acrosa  the  open  comer  of  the 
low-tension  delta,  in  terms  of  the  high-tension  side,  due  to  the  ratio 
inequalities,  is: 

Ek        K/0°       K:/120°       KX240° 

—  = + + (7) 

E         K  +  i         K+y  K 

X  ■   y 

= /0° /120° 

K  K 

with  close  approximation. 
Substituting 

x  =  +  0.45    y  =  — 0.63    K  =  120.0 

-^  =  0.0079 
E 
or  p.8%  of  the  impressed  voltage  from  line  to  neutraL 

This  value  is  approximately  three  times  as  great  as  that  found  at 
Salinas,  where  the  resultant  was  determined  to  lie  0.25%.  The  cause  of 
the  discrepancy  can  only  be  conjectured,  as  there  is  no  evident  reason 
for  doubting  either  set  of  measurements.  There  was  an  interval  of 
two  years  between  the  two  sets  of  tests,  and  in  the  meantime  the  trans- 
formers had  been  much  used,  at  times  under  severe  conditions,  which 
apparently  caused  the  change,  although  there  was  no  visible  evidence 
of  alteration  of  the  transformers. 

C — AlTABBNT  KeSIDUAL  YoLTXQB  BY  DeL/IA-DeLTA  CONHKOTIOH. 

The  voltage  across  the  open  comer  of  the  low-teaision  delta  was 
measured,  with  the  high-tension  sides  of  the  transformers  in  delta. 
With  this  connection,  the  vector  sum:'  of  the.  high-tension  impressed 
voltages  is  zero;  the  voltage  across  the  open  comer  of  the  secondar}' 
delta  is  the  vector  sum  of  the  secondary  voltages.  The  fundamental- 
frequency  component  is  due  to  the  inequality  in  ratio,  and  the  triple- 
frequency  component  is  due  to  the  Tan&tron  of  permeability  of  the 
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The  results  are  given  in  Table  III.    See  drawing  No.  257,  C  for  the 
diagram  of  connectioBfi..  The  line  voltages  vetre  nesLr,lf  sinusoidal. 


4/I« 


D.SO% 
0J»% 

0.38% 

0J9% 

0.78% 

0.39% 

0.44% 
0.47% 

0.46% 
0.39% 
0,41* 

0.45% 

0.41% 

(I)  =  fundamental,      f 3)  —  third    harmonic. 

The  first  meamrementB  indicated  a  delta-comer  fnsdaineiital  voltage 
of  0.9%  of  the  total  impressed  voltage  on  each  transformer.  The  corre- 
sponding value  as  observed  at  Salinaa  was  0.25%.  Measurements  were 
then  made  at  three  later  dates,  with  varj-ing  results,  as  shown  in  the 
table. 

In  Oscillogram  949,  the  residual  voltage  and  line  voltage  were  photo- 
graphed sunultaneously ;  in  950,  they  wer«  taken  separately.  It  was 
thus  determined  that  no  appreciable  difference  was  made  in  the 
observed  delta-comer  ventage,  by  simultaneausly  measuring  a  phase- 
voltage. 

The  deUa-comer  meaSuriDg  resistance  was  in  e^ach  case  5D  ohms '  or 
more,  and  for  measuring  phase-voltages  a  reStstance  of '2500  ohms  blr' 
more  was  used.  ObtmrvtOsaa.  of  the  delta-coreer' voltage  on  the  oscillo- 
graph tracing  table  indicated  no  appreciable  change  6t  wftve-shape,  due 
to  change  of  delta-comer  resistance,  at  least  above  a, , value  of  40  ohms. 

Table  III  also  shows  the  value  of  the  third-harmonic  delta-corner 
voltage,  which  represents  the  voltage  i^qnired  to  produce  the  thi¥d- 
harmonic  current  in  the  primary  delta.  | 

D — IntesnAl  Ihpbdanob  ahv  BsciTnm  ADHirri^HCk: 
The  resistances  of  the  windings  were  measured  by  a   Wheatstope 


bridge,  and  are  given  in  Table  IV. 
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Reiliiancei 

<rf 

TAB  LB   IV. 

r  Wlndlnfl^- 

p.  T.  tlo. 

1 

e.,. 

1 

IiT. 

1   ^. 

1 
2 
3 

6460 
«90 

0588 
0.290 
9.290 

0.74» 

0.738 
0.7« 

■In  terms  of  lo*--tenslon  Bide.  R,  ^  0,!88  +  -jf§^. 

Measurements  of  the  internal  impedances  of  the  potential  trans- 
formers were  made  on  the  low-tension  sides,  for  currents  of  0,35  to  0.70 
amperes  at  50  cycles,  and  are  given  in  Table  V.  The  variati^  of  the 
impedance  with  the  current  is  small.  See  drawing  No.  257,  D  for  the 
connection  diagram. 


TABLE  V. 
Intamal  ImpMUnca— tn  Term*  of  L»Mr-T«ntlan  Side. 

p.  T.  MO. 

Intamit 

Iiunnil 

"^H- 

Urtucunoi, 

2 

a 

O.SW 
0.812 

om 

0.743 
0.780 
0.741 

o.3oe 

0.334 

asM 

0.982 
1.0ffi 
0«6. 

'     Average 

0.800 

0.741 

0.315 

LOW 

■B-rom    Table    IV.     »K  =  |/Z'  —  R»  =  2  'fL. 

The  average  values  of  total  internal  impedance  for  the  three  traiu- 
fomjeni  are,  at  50  cycles: 


B  =  0.741  ohms  B  —  10680  ohms 

X=!  0.315  ohms  X=    4540  ohms 

Z  =  0.806  ohms  Z  =  11600  ohms 

I^erred  to  No.  1,  the  impedance  of  No.  2  is  1%  high;  that  of  No.  3  is 
o!4%  low. 

The  internal  impedance  of  No.  1  was  measured  at  several  frequencies 
from  300  to  900  cycles  per  second,  on  both  low-  and  high'teasiaii  sides, 
with  the  impedance  bridge.  For  the  low-tension  side  the  measured 
value  of  the  internal  inductance  is  0.93  millihenrya,  with  variation  of 
leaa  than  0.?%  over  the  range  from  300  to  900  cycles  per  second,  with 
currents  of  a  few  milliamperes.  In  Table  VI  is  given  the  comparison 
of  internal  induetiinoes  as  measured  on  the  high-  and  low-tension  sides. 
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TABLE  VI. 

Internal  Induetancv. 

rn^tuarr  CT-^ia 

n'l  M,. 

,(    B.T, 

« 

perocom 

•""" 

U.T. 

800 

0.927 

14.* 

134 

500 

0.830 

16.4 

133 

700 

0.930 

20.4 

146 

900 

0.S28 

21.4 

152 

The  internal  iaductance  as  given  by  Table  VI,  checks  the  value  of 
Table  V  within  a  few  per  cent.  The  fonrth  eolumu  gives  a  rough 
spproximatioD  of  the  ratio,  since  the  relation  between  the  inductances 
measured  on  the  two  sides  is  the  square  of  the  ratio  of  turns.  The 
apparent  inductance,  measured  on  the  high-tension  side,  increases 
rapidly  with  the  frequency. 

The  values  here  given  for  internal  inductance  are  about  0.35  of  that 
siven  in  technical  report  No.  13  for  tnUisfornter  No.  1.  It  seems 
most  lihely  that  an  error  was  made  in  that  determination,  such  «e,  for 
example,  baving  extra  resistance  in  the  circuit. 

In  Mme  eases  it  ia  desirable  to  know  the  iotemal  impedance  of  each 
winding  s^arately.    As  an  approximation,  tlie  leakage  inductance  may 
be  assnined  as  equally  divided  between  high-  and  low-tension  windings} 
the  impedances  then  are,  using  the  av^-age  values : 
High-tetBion  winding,  Z\  =  6500  +  j  2270  n  ohms. 
Lov-tension  winding,   Z"i  =  0.29  +  J  0.158  n  ohms, 
n  =  order  of  harmonic  of  50  cycles. 

It  is  theoretically  possible  to  separate  the  high-  and  low-tension  coil 
reactances  by  observations  of  the  low-tmsion  delta  and  high-tension 
neutral  currents  of  triple  frequency,  but  the  internal  reactances  are  too 
small  and  the  precision  of  measurements  insnfficient  to  allow  a  satis- 
factory solution  with  the  data  of  these  tests. 

There  is  given  on  page  20,  technical  report  No.  13,  the  result  of  an 
attempt  to  separate  the  leakage  reactances  of  the  high-  and  low-tension 
windings.  It  is  based  on  the  assumptions  (1)  that  the  total  third  har- 
monic magneto-motive  force  due  to  the  eircnlating  currents  is  eonatant, 
with  the  delta-delta  connection,  for  a  variation  of  the  external  resistance 
in  the  low-tension  delta  comer  from  6  to  26  ohms,  and  (2)  that  this 
total  magneto-motive  force  ia  the  same  as  that  which  exists  when  the 
transformers  are  connected  T-delta,  with  the  high-tension  neutral 
migroonded.  These  assumptions  are,  at  beet,  only  approximste.  It  is 
further  assnmed  that  the  high-  and  low-tension  delta  currents  are  in  the 
same  phase,  which  is  true  only  when  the  time-constants  of  high-  and 
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low-teusioD  sides  are  the  same.  '  As  tb'e'  resistances  are  larger  than  the 
reactances,  it  is  evident  that  small  errors  in  data  and  assnmptioiiB  will 
cause  much  greater  errors  in  the  reactances.  Hence  the  ratio  of  react- 
ances in  technical  report  No.  13  can  not  be  accepted  as  reliable. 

The  exciting  admittance  at  50  cycles  of  the  transformers  measured  on 
the  low-tension  side,  is  approximately  as  follows: 


TABLE 

Excltlno   Admit 
Tenalon 

VII, 
Sld«. 

JaatrnManUtf 

•— 

45 
90 
135 

a0059 
OJKMS 
OJXMS 

These  values  were  determined  from  meter  measurements  made  in  oon- 
nection  with  IV-B. 

E — AuziUART  TauiSFCttMEB,  lUnos  AMD  Lkpesanobs. 
The  transformer  has  three  high-tension  terminals,  marked  1,  2,  3,  an<3 
two  loW-tension  terminals.    The  ratio  was  determined  with  applied  volt- 
age of  10.4%  normal  for  the  windings  1-2  and  2-3,  and  5.2%  normal  for 
winding  1-3,  at  50  cyelee.   The  'results  are : 


Blgh-tonrfonKlbdliii 

[   ..-. 

■    '      ■■■1-2    ■■■ 

Iffl 

■■■     .JO.L,: 
20.2 

Measurements  were  mad^  of  the  coil-resistances  and  of  the  internal 
itiipedaiiee  at  50  cycles  on  the  Io*-tension  side,  the  bigh-tensioh  winding 
1-3  being,  short-circuited.     *  ' 

B^==474obniB  .',  i^T  =  6.03ohm8 

R,,,  =  548  ohma  B^.^  =  1022  obma 

Zlt==  8.61  =  8.54  +  j  1.10  ohiBs  or,  in  terms  of  the  high-tension  side 
Z,.,  =  3520  =  3490  +  j  450  ohma 
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The  leakage  reactance  is  so  small  compared  to  the  resistance  that  it 
has  very  slight  effect  on  the  impedance.  Assuming  one-fourth  of  the 
leakage  reactance  in  each  high-tension  coil,  the  short-circuit  impedances 
are 

Z..,  =  1140  =  1090  +  j  340  ohms 

Z^,  =  1210  =  1160  +  j  340  ohms 

The  exciting  current  was  measured  with  115  volts  at  50  cycles  applied 

to  each  winding. 

Reduced  to  terms  of  winding  1-3,  the  exciting  impedance  is 

Impressed  volUce  BxcttlnK  Impedkoce 

.    TOItB  ohms 

115  46,000 

230  68,800 

2320  34,700 

F — ^TiBTS  Undeb  Operating  Conditions. 
For  these  tests  the  potential  transformeis  were  connected  as  in  draw- 
ing No.  257,  E,  which  corresponds  to  the  conditions  of  service,  where  the 
high-tension  side  is  in  T  and  the  neutral  grounded,  either 

1.  directly,  for  measurement  of  residual  voltage  by  the  delta 
method;  or, 

2.  through  a  potential  transformer,  for  measurement  of  residaal 
voltage  by  the  Y  method. 

The  low-tension  side  is  connected  delta,  with  a  measaring  circuit 
inserted  in  one  comer  when  measuring  residual  voltage  by  the  delta 
method.  The  comer  of  the  delta  is  closed  when  measuring  residnal 
voltage  by  the  Y  method. 

By  supplying  the  line  and  the  potential  transformers  from  an  isolated 
source  through  one  or  more  delta-connected  transformer  banks,  triple- 
harmonic  residuals  (from  sources  other  than  the  potential  transformers 
themselves)  were  eliminated.  The  transpositions  in  the  power  line 
sers-ed  to  reduce  the  residuals  caused  by  unbalanced  capacitances  to  a 
small  valne.  comparable  to  that  of  the  errors  of  measurement. 

The  triple-harmonic  magnetizing  currents  had  one  path  in  the  low- 
tension  delta  and  another  through  the  external  impedance  from  the 
high-tension  neutral  to  the  line  terminals  of  the  transformers.  In  these 
tests  the  external  impedances  in  the  high-  and  low-tension  circuits  for 
triple  harmonics  were  varied  over  a  wide  range.  The  external  imped- 
ance of  the  high-tension  sides  of  the  potential  transformers  was  deter- 
mined by  the  impedance  of  the  15-kV.  line  wires  to  ground,  and  by 
impedance  inserted  between  the  ground  and  the  high-tension  neutral. 
The  impedance  of  the  three  wires  of  the  San  Femando-Somis  15-kV. 
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line  ia  parallel  to  grouad  is  approximately  Zl  ^  50  —  j  1400  ohms  at  150 
cycles  with  the  far  end  open  and  clear. 

Residual-voltage  measurements  have  been  made  on  this  line  with  a 
Y-delta  bank  of  power  transformers  with  grounded  neutral  at  each  end 
of  the  line.  Such  a  case  is  typical  of  conditions  where  the  measurement 
of  the  third-harmonic  residual  voltage  is  important.  For  this  arrange- 
ment, the  impedance  to  ground  from  the  line  terminals  of  the  three 
potential  transformers  is  about  25  -f  j  85  ohms  at  150  cycles.  Per  the 
purpose  of  the  potential  transformer  tests  this  condition  was  closely 
simulated  by  inserting  an  air- core- inductance  coil  in  the  circuit  between 
high-tension  neutral  and  ground  to  neutralize  the  capacitive  reactance 
of  the  isolated  line.  On  drawing  No.  258  is  shown  the  equivalent  imped- 
ance of  the  15-kV.  line  (open  and  clear  at  the  far  end)  in  series  with 
this  coil.  At  150  cycles  this  impedance  is  approximately  110  —  j  100 
ohms.  Inasmuch  as  the  impedance  to  neutral  current  includes  the 
internal  impedance  of  the  high-tension  windings  of  the  transformers, 
which  ia  about  2170  +  j  2270  ohms,  at  150  cycles,  for  the  three  trans- 
formers in  parallel,  great  refinement  is  not  necessary  in  the  external 
impedance  values. 

When  the  external  circuit  includes  an  auxiliary  potential  transformer, 
the  external  impedance  is  dependent  on  the  impedance  through  which 
the  secondary  of  this  potential  transformer  is  closed  and  upon  its 
exciting  impedance,  and  may  reach  high  values.  For  example,  if  300 
ohms  resistance  is  in  the  secondary  of  a  10:1  potential  transformer,  the 
corresponding  impedance  in  the  high-tension  neutral  is  approximately 
(10)^x300  or  30,000  ohms,  and  thus  becomes  the  controlling  factor  in 
the  impedance  to  residuals.  The  exciting  impedance  of  the  auxiliary 
transformer  reduces  the  above  value  somewhat.  Finally,  by  isolating 
the  high-tension  neutral,  practically  inhnite  impedance  is  offered  to 
residuals. 

In  Tables  VIII  and  IX  are  given  oscillograms  taken  under  the  several 
conditions  discussed,  at  100%  and  at  52%  of  the  normal  voltage  used 
at  San  Fernando  corresponding  to  125%  and  64%  of  the  rated  voltage 
of  the  potential  transformers.  Drawing  \o.  305  gives  the  results  iu 
plotted  form,  from  meter  readings  and  oscillograms,  for  the  delta 
method. 
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TABLE  IX. 

iMlaled   LIna. 

..:.P.T.     1      ■ 

l^^- 

L.  T.  Delta,  ohms. 

23 

16 

Residual   voltage.   "T"  method,   |Er(T)   i 


E8W 

16.3 

16.5 

8.S 

R.--ohms 

1065 

1085 

316 

Ogclllogram  No. 

946 

MS 

953 

Rm'^ealstance  In  secondary  of  potential  transformer  by  which  Bk  (T>  waa  s 


The  effective  value  of  the  high-tension  neutral  current  is  nearly 
constant  for  the  whole  range  of  values  of  resistance  in  the  comer  of 
the  delta  with  and  without  the  eoil  in  the  neutral  ground  connection. 
But  the  oscillograms  show  that  this  is  due  to  the  fact  that  the  third- 
harmonic  neutral  current  increases,  while  the  fundamental  component 
decreases,  as  the  delta-comer  resistance  is  increased.  With  the  auxili- 
ary potential  transformer  in  the  neutral  the  neutral  current  is  greatly 
reduced. 

Drawing  No.  305  shows  values  of  the  equivalent  sine  wave,  funda- 
mental and  third-harmonic  components  of  the  delta-eoraer  voltage  and 
the  neutral  current  as  the  resistance  in  the  comer  is  varied.  The  quan- 
tities exhibit  large  variations  for  low  values  of  the  resistance  in  the 
comer  of  the  delta,  but  become  stationary  in  value  for  changes  in  the 
delta  comer  resistance  when  its  value  is  over  100  ohms. 

Lowering  the  voltage  to  64%  of  normal  causes  a  great  reduction  in 
the  third-harmonic  currents  in  delta  and  neutral. 

The  insertion  of  the  air-core  inductance  coil  in  the  circuit  hetween 
the  high-tension  neutral  and  ground  produced  no  notable  cbaoge.  The 
discussion  which  follows  applies  therefore  to  both  conditions.    The  data 
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for  the  case  of  the  isolated  neutral  illustrate  the  extreme  case  of  high 
impedance  io  the  neutral. 

The  qnantities  measured  were  in  some  coses  very  small,  e.  g.  nentrat 
enrrent  and  residual  voltage  by  the  Y  method,  consequently  the  valnes, 
especially  from  the  oscillograms,  ^ve  only  approximate  magnitudes. 

V.  Ducngsioii  of  Eironr  in  Besidtial  Voltage  MeMurementi. 

The  connection  of  potential  transformers  to  a  line  for  the  purpose  of 
measuring  the  residual  voltage  at  a  given  point  thereon,  in  general 
altera  the  actual  residual  voltage.  The  type  of  connection  employed, 
the  characteristics  and  location  of  the  potential  transformers,  and  the 
character  of  the  line  determine  the  magnitude  of  the  alteration.  If  the 
potential  transformers  used  for  residual  voltage  measurements  are 
normally  connected  to  the  line  nnder  similar  conditions,  this  effect  is 
not  an  error ;  bnt  otherwise  the  actual  residual  voltage  nnder  the  con- 
ditions of  measurement  is  different  than  the  residual  voltage  under 
normal  conditions.  The  error  which  may  be  introduced  by  such  altera- 
tiou  of  conditions  is  very  small  under  conditions  of  power-system  prac- 
tice. But  besides  this,  there  are  errors  due  to  the  characteristics  of 
the  potential  transformera  and  measoring  apparatus. 

The  various  errors  are  discussed  in  some  detail  below. 

A — Residuals  oe-  Same  PtcegueNciEs  as  the  Balanced  Volt- 
AQBS,  Due  to  Admittance  Vnbalancbb. 

1.  Sources  of  Errors. 

a.  Y  meUiDd. 

In  the  Y  method  the  three  transformers  act  simply  as  impedances  in 
star.  Inequalities  in  ratios  will  produce  inequalities  in  the  equivalent 
impedances  between  the  lines  and  high-tension  neutral,  and  thus  intro- 
duce errors  in  residual-voltage  measurements,  as  discussed  in  the  follow- 
ing paragraphs. 

If  three  impedances  of  identical  magnitudes  and  time  conatanta  are 
coonected  in  star  to  the  line  wires,  the  vector  sum  of  the  voltages  from 
the  lines  to  the  common  neutral  is  necessarily  zero,  if  the  neutral  is 
isolated;  and  the  voltage  from  this  neutral  to  ground  is  one-third  of  the 
residual  voltage  of  the  line,  at  the  point  where  the  impedances  are  con- 
nected. If  the  three  impedances  are  unequal  the  vector  sum  of  the 
three  voltagea  from  lines  to  neutral  will  in  general  not  be  zero.  Hence, 
the  voltage  to  ground  from  the  neutral  of  the  unequal  star  impedances 
will  not  be  a  true  measure  of  the  residuid  voltage  of  the  line. 

The  accuracy  of  the  Y  method  of  residual  voltage  measurement 
depends  on  the  considerations  just  stated ;  the  impedances  involved 
would  be  the  exciting  impedances  of  the  transformers  except  for  the 
effect  of  the  closed  secondary  delta,  in  which  a  current  of  fundamental 
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frequeacy  may  drculate,  due  to  inequalitiee  in  ratios.  Thia  delta  eireu- 
lating  curreDt  tends  to  equalize  the  equivalent  star  impedances  of  the 
transformers  as  compared  with  their  open-circuit  impedances.  The 
mathematical  analysis  of  the  case  is  complicated  and  has  not  been 
undertaken. 

The  obaervfid  quantity  is  the  secondary  terminal  voltage  of  the  auxili- 
ary transformer.  The  secondary  external  resistance  is  nsually  made 
high  80  that  practically  tiie  secondary  induced  voltage  is  measured. 
When  measuring  residual  voltage  there  is  a  current  from  lines  to 
neutral.  The  drop  of  potential  throt^h  the  impedances  of  the  three 
Y-deita  connected  transformers  may  be  appreciable  compared  to  the 
impedance-drop  of  the  auxiliary  transformer.  For  the  three  Y-con- 
nected  high-tension  windings  in  parallel  (low-tension  delta  being 
dosed)  the  impedance  is  3560  -f  j  1510  ohms  at  50  eycles.  With  650 
volts  impressed  on  its  2200- volt  winding  and  its  110-volt  winding  closed 
through  1000  ohms  resistance,  the  aoxiliary  transformer  used  has  an 
effective  impedance  of  76000  ohms.  The  total  impedance  from  lines  to 
ground  is  79000  ohms.  Thns  the  residual  voltage  exceeds  the  impressed 
voltage  on  the  auxiliary  transformer  by  4%.  With  the  1100-volt  wind- 
ing, and  lower  impedance  closing  the  secondary,  the  error  due  to 
neglecting  the  drop  in  the  Y-delta  bank  of  transformers  would  be  much 
greater. 

b.  delta  method. 

If  the  three  transformers  have  unequal  ratios  an  apparent  residual 
voltage  will  exist  across  the  low-tension  delta  comer,  even  though  the 
e.  m.  fs.  between  lines  and  neutral  of  the  high-tension  Y  are 
balanced.  The  observations  recorded  in  IV-B  indicate  a  limiting  value 
of  0.8%  of  the  impressed  voltage  from  line  to  neutral  for  approximately 
balanced  impressed  voltages.  This  error  is  practically  independent 
of  line  voltage  and  frequency  within  the  range  of  use.  As  determined 
by  the  delta-delta  test  (IV-C)  in  four  trials,  this  error  was  0.9,  0.7  and 
on  two  occasions  0.45%,  A  careful  consideration  of  the  measurements 
failed  to  reveal  an  explanation  of  these  variations  in  the  delta-corner 
voltage  unless  it  is  assumed  that  the  transformers  undergo  changes  with 
time.  This  view  is  supported  by  the  large  discrepancy  between  the 
resnlts  at  Salinas  and  those  herein  recorded  and  by  the  differences 
among  the  latter. 

Evidently,  the  actual  residual  voltage  may  have  any  phase  with 
respect  to  this  apparent  residual  voltage,  and  so  values  of  residual 
voltage  less  than  1.5%  of  the  magnitude  of  the  voltage  of  same 
frequency  from  line  to  ground  may  be  in  error  by  50%  or  more.  Meas- 
urements of  the  residual  voltage  on  an  isolated  system  are  especially 
concerned  with  this  error. 


■dovGooi^Ic 


TBCBNICAL  BmPOttT  NO.  BS.  455 

The  delta  method  is  affected  slightly  by  iDtemal-impedance  inequali- 
ties which  inSuence  the  regulation.  The  internal  impedances  of  the 
transfonners  are  nearly  equal,  and  so  the  effect  will  be  very  small.  The 
otwfrved  quantity  is  the  voltage  across  the  comer  of  the  secondary  delta. 
The  delta-corner  resistance  is  usually  so  large  compared  with  the 
secondary  resistance  and  leakage  reactance  of  the  transformers  that 
practically  the  vector  sum  of  the  induced  secondary  voltages  is  ol>tained. 
The  errors  in  transformation  from  primary  to  secondary  {inequality 
of  ratio  and  reflation  in  the  high-voltage  windings)  have  been  men- 
tioned above.  If  advisable,  the  secondary  internal  impedance  of  tha 
three  transformers  in  series  can  be  allowed  for  in  the  calculation  of 
residual  voltage. 

2.  Mathemaiical  Discussion. 
It  remains  to  determine  the  importance  of  the  factors  just  considered 
in  QieasQrements  with  the  given  transformers  and  line. 

«.  Y  method. 

Consider  a  three-phase  line  which  has  a  given  admittance  unbalance 
Id  gronnd  (due  to  capacitance,  conductance,  or  load  unbalance,  singly 
or  in  combination)  with  corresponding  residual  voltage.  This  residual 
voltage,  at  any  given  point,  may  be  called  its  "open-circuit"  residual 
voltage.  When  the  bank  of  potential  transformers  is  connected  to  the 
line,  as  for  the  Y  method  of  measuring  residual  voltage,  there  is  a 
corresponding  residual  voltage  due  to  their  impedance  unbalance.  The 
line  unbalance  and  the  transformer-impedance  unbalance  combine  to 
determine  the  true  residual  voltage  at  the  given  point;  that  is,  there 
is  a  compooent  of  the  true  residual  voltage  due  to  the  line  and  another 
dae  to  the  impedance  unbalance'of  the  transformers.  Let : 
Bi,  =  open-circuit  residual  voltage  due  to  line  unbalance. 
Et  =  open-circuit  residual  voltage  due  to  impedance  unbalance 

of  the  T-delta  bank  of  potential  transformers, 
Eb  =  true  residual  voltage  of  the  line  with  potential  transformers 

connected. 
Ebi,  =  component  of  Er  caused  by  line  unbalance. 
£n  ^  (^o^lponent  of  Ek  caused  by  transformer  unbalance. 
I,  =  neutral  current  of  potential- transformer  bank. 
Zj  ^  t-qnivalent  impedance  of  auxiliary  transformer  in  neutral 

of  T-delta  bank. 
Zl  =  impedance  of  line  to  ground  (three  conductors  in  parallel). 
Z',*^  internal  impedance  of  high-tension  winding  of  one  trans- 
former of  Y- delta  bank. 
Z"i*=  internal  impedance  of  low-tension  winding  of  one  trans- 
former of  Y-delta  bank. 
Z[  =  short-circuit  impedance  of  one  transformer  of  the  Y-delta 
bank. 
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The  action  of  the  line  and  potential  transformers  may  be  represented 
by  two  generators  connected  in  series  through  the  impedance  of  the 
auxiliary  transformer,  Zn-  El  is  the  induced  voltage  of  the  generator 
representing  the  line;  the  internal  impedance  of  this  generator  being 
the  impedance  of  the  line  to  ground,  Zl.  Et  is  the  induced  voltage  of 
the  generator  representing  the  Y-delta  bank  of  potential  transformers 
whose  internal  impedance  is  Z,.  The  following  equation  holds. 
3" 

Zt 
Et  +  El  =  3  I„  {—  +  Z„  +  Zl).  (9) 

3 
The  true  residual  voltage  £r  is 
Zt 
Bb  =  Et  — 3I„{— +  Z0=  — Ei.  +  3I.Zl  (10) 

3 

The  residual  voltage  as  indicated  by  the  Y  method  is  approximately 
3  IbZb.  If  either  El  or  Et  is  zero  the  other  can  be  determined  from 
the  impedances  and  the  neutral  current. 

The  open-circuit  residual  voltage  El  on  this  line  due  to  its  capacitance 
unbalance  can  be  estimated  approximately.  The  length  of  longitudinal 
unbalance  of  the  transmission  line,  transposed  for  two  barrels,  is  0.6%. 
The  characteristic  residual  voltage  of  the  line  is  about  12%  of  its  T  volt- 
age. Prom  these  figures  the  open-circuit  residual  voltage  should  be  about 
0,12  X  0.6  or  0.07%.  This  will  be  altered  considerably  by  the  irregular- 
ities of  the  line.  From  the  measurements  of  longitudinal  induction  on 
the  telephone  line  {technical  report  No.  54,  page  7)  it  was  found  that 
the  induction  from  balanced  voltages  with  two  barrels  was  1.8%  of  the 
induction  with  no  transpositions.  Thus  the  effective  unbalance  is 
about  three  times  the  computed  value,  assuming  uniformity.  It  is 
reasonable  to  assume  that  approximately  the  same  factor  applies  to  the 
residual  voltage.  Hence  El  is  of  the  order  of  0.21%  of  the  line  Y 
voltage.  The  maximum  possible  value  of  the  actual  residual  voltage 
occurs  if  IbZl  is  opposite  in  phase  to  the  open-circuit  residual  voltage. 

The  fundamental  neutral  current,  with  balanced  Y  voltages  of 
16.2  kV.  impressed,  is  about  .3  milliamperes,  from  Table  IX.  The  imped- 
ance Zl  of  the  isolated  line,  at  fundamental  frequency   (50  cycles), 
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is  about  4200  ohms,  and  with  the  inductance  coil  in  series,  aboat  3S00 
ohms.    Th\is,  for  the  present  tests, 

3I„Zl  =  3  .  3  .  4000  .  10^  =  36  volts 
or  0.22  per  cent  of  the  line  T-voltage.    The  true  residual  voltage  is,  in 
per  cent : 

Er  =  — 0.21  +  0.22  (vectorially  combined) 
the  limits  being  O.OI  and  —  0.43  per  cent.    Limits  can  also  be  set  for 
Et.  for 

Zt 

—  =  3560  +  j  1510  =  3870  ohms 
3 
InZ,  =  30  volts  (from  Table  IX) 
=  0.19  per  cent  of  Y  voltage 
SOXlO" 

Zn  = ohnwt  =  10000  ohms 

3 
Zn  consists  chiefly  of  the  exciting  impedance  of  the  auxiliary  trans- 
former, since  the  secondary  external  impedance  was  1065  olims  and  the 
ratio  was  10 : 1.     Assuming  a  value  of  30°  for  the  angle  of  hysteretic 
advance,  the  impedance  is  5000  +  j  8700  ohms.     From  (9), 

Zt 

Et  =  —  B,,  +  3  In  ( h  2n  +  Zl) 

3 
=  _El  +  3  .  3(10600)   .    10-*volts 
=  —  0.21  +0.59  {veetoriaUy  combined) 
So  Et  =  0.38  to  0.80  per  cent 

The  transformer  component  of  the  true  residual  voltage,  Erti  is  the 
value  of  Er  when  El  Ib  zero. 

Ert  Zi, 

—  = (11) 

Et        Zt 

-  +  Zn  +  ZL 
3 
4000 

10600 
for  the  isolated  line,  at  50  cycles. 

So  Ert  =  0.14  to  0.30  per  cent  of  line  T  voltage,  for  the  fundamental 
frequency.     The  ratio  -=^  will,  in  practice,  be  always  less  than  unity. 
In  like  manner,  Zt 

Z.  +  - 
E,„.  3 

= (12) 

Bi,  Z, 

Z.  + hZL 
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Id  practice  this  ratio  ie  very  close  to  unity,  iacreaeingly  bo  at  iiigber 
frequencies. 

If  the  line  has  grounded  Y-delta  banks  at  each  end  the  impedance  Zi. 
is  of  the  order  of  40  ohms  at  50  cycles,  hence  the  nnmerator  of  (11)  is 
about  1%  of  the  value  for  an  isolated  line.  At  about  600  cycles,  how- 
ever, the  two  types  of  line  condition  give  the  same  magnitude  of  imped- 
ance. The  denominator  of  (11)  is  only  slightly  affected  by  the  line 
condition  and  increases  almost  directly  as  the  frequency.  So  the  effect 
of  the  changes  in  impedance  at  higher  frequencies  is  to  lessen  the  im- 
portance of  the  transformer  component  of  the  true  residual  voltage, 
b.  delta  method. 

"With  the  delta  method,  there  is  a  neutral  current  corresponding  to 
the  delta  current  caused  by  ratio  inequality,  as  well  as  the  neutral 
current  due  to  the  unbalance  of  the  line.  There  is  also  a  neutral-current 
component  due  to  the  difference  in  exciting  currents  of  the  three  trans- 
formers. As  the  total  exciting  current  at  16  kV.  is  about  5  milliamperes, 
this  unbalanced  component  is  negligible.  The  third-barmonic  mag- 
netizing neutral  current  is  discussed  under  "B,"  and  is  not  considered 
here. 

From  Table  VIII,  the  fundamental  neutral  current  with  40  ohms  or 
more  in  the  delta  comer  is  1^  to  2  milliamperes  at  16  kV.  impressed  Y 
voltages.    Equation  (10)  gives  the  true  residual  voltage.    Thus 

Er  =  —  E,.-f-3X2X  4000  X  lO"*  volts 
or  in  per  cent,  =  —  0.21  +  0.15   (vectorially  combined),   the   limits 
being  — 0.06  and  — 0.36  (per  cent  of  T  voltage  of  the  line). 

The  component  of  the  true  residual  voltage,  due  to  the  ratio  inequali- 
ties  of  the  transformers,  can  be  determined  by  considering  the  voltage 
unbalance,  Ed,  of  the  secondary*  delta,  as  due  to  a  generator  in  its 
comer,  with  the  secondary  external  impedance  Za  in  series. 
Let :  Z  =  3  Z'\  -f  Zt 

=  leakage  impedance  plus  external  impedance  of  the  delta, 
a  =  ratio  of  turns  (120 ;  1) 

Considering  the  neutral  current,  I„,  and  delta  current,  It,  due  to  Ea 
only: 

Ed  — ZIj  Z% 

a  ( )  =I„  ( —  -f-  Zl)  (13) 

3  3 

As  long  as  Z't  -)-  3Zt.  is  small,  compared  to  the  exciting  impedances 
of  the  transformers,  it  is  approximately  true  that 
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ratio  inequalities  to  the  appareot  residual  voltage  due  to  the  same  cause. 
For  the  conditions  of  use  of  the  transfonnero  Ert  ia  entirely  negli- 
gible, being,  for  a  =  120,  Zj  =  100  ohms,  and  fundamental  frequency, 
about  2%  of  the  apparent  residual  voltage  due  to  ratio  inequalities. 

3.  Comptuison  of  Methods. 

The  residual  voltageB,  true  or  apparent,  discussed  above,  exist  for  each 
frequency  present  in  the  balanced  components  of  voltage  between  lines 
and  ground. 

From  drawing  No.  305  for  the  delta  method,  and  Table  IX,  for  the 
V  method,  the  following  comparison  is  made  of  the  fundamental  residual 
voltage  of  the  line  as  indicated  by  the  two  methods. 

Indicated  Fui 


Uatt, 

dlMIlo 

,»».| 

„«u-d           1 

T 

«^ 

kV, 

Volts 

Percent- 

VoItB 

8.6 

70 

0.8 

94 

0.4 

163 

130 

0.8 

91 

OjS 

*of  Imprcned   Y  voltasM. 

The  values  in  Table  X  for  the  delta  method  are  for  a  delta-comer 
resistance  of  100  ohms  or  more,  but  are  suflSciently  close  for  values 
over  25  ohms.  For  the  Y  method  the  secondary  impedance  of  the 
ausiliarj-  transformer  was  high,  as  shown  in  Table  IX.  If  the  second- 
arj-  impedance  of  the  auxiliary  transformer  is  made  low,  the  grounded 
iifUtral  case  is  approached. 

The  above  diacussion  indicates : 

1.  The  true  residual  voltage  of  fundamental  frequency  was  not  greater 
than  0.4%  during  these  tests. 

2.  The  fundamental  residual  voltage  due  to  transformer  impedance 
unbalance  (Y  method)  was  between  0.1  and  0.3%  during  these  tests, 
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with  the  isolated  line.    With  grounded  T-delta  banks  on  the  line,  this 
residual  voltage  would  be  very  much  less, 

3.  The  true  residual  voltage  due  to  ratio  inequalities  (delta  method) 
was  negligible. 

4.  The  iudicated  residual  voltage  (either  method)  was  much  greater 
in  magnitude  than  the  true  residual  voltage  and  the  transformer  com- 
ponent thereof,  and  determines  the  minimum  value  of  residual  voltage 

'  which  can  be  measured  with  these  transformers. 

5.  For  higher  frequencies  studies  should  be  made  for  the  given  con- 
ditions of  impedances  of  the  various  parts  of  the  system  in  order  to 
determine  the  effect  of  these  factora. 

For  the  delta  method,  therefore,  harmonic  values  of  residual  voltage 
below  1.5%  of  the  balanced  voltage  of  the  same  harmonic  from  lines  to 
ground  are  apt  to  be  in  error  by  50%  or  more.  Foe  the  T  method, 
residual  voltages  of  less  than  1%  are  subject  to  the  same  error. 

B — Residuals    of    Triple-Habmonic    PREquENCiES,    Dub    to 
Variation  op  Pebmbabujty. 

The  previous  discussion  has  been  concerned  with  errors  due  to  poten- 
tial-transformer inequalities,  which  produce  apparent  and  actual 
residual  voltages  of  the  frequencies  which  exist  in  the  bfilanced  voltages 
to  ground.  The  present  disenssioo  is  concerned  with  apparent  and  actual 
residual  voltages  due  to  triple-frequency  magneto-motive  forces,  caused 
by  the  variable  permeability  of  the  iron  cores.  These  triple  frequency 
magneto-motive  forces  are  approximately  in  phase  In  the  three  trans- 
formers. In  the  tests  considered  in  this  memorandum  the  possibility 
of  triple-harmonic  balanced-voltage  components  is  negligible.  The  third- 
harmonic  residual  voltage  is  all  introduced  by. the  potential  trans- 
formers as  the  conditions  preclude  its  introduction  from  other  sources. 

1.  r  method. 
In  Table  III  it  was  shown  that  a  third  harmonic  voltage  0.4%  of  the 
fundamental  voltage  on  one  tranaformer  (16  kV.)  was  required  to 
circulate  third-harmonic  magnetizing  current  in  the  high-tension  delta. 
In  practice  with  the  Y  method,  a  similar  voltage  drives  this  current  in 
the  low-tension  delta.  The  impedance  in  the  corners  of  the  delta  is  here 
relatively  larger,  so  the  third  harmonic-voltage  observed  on  the  high- 
tension  side  should  be  higher.  From  Table  IX  the  apparent  residual 
voltage  (third  harmonic)  is  about  100  volts  at  16  kV.  impressed  or 
0.6%;  about  SfO  volts  at  9  kV.  impressed  (isolated  or  grounded  line). 
The  true  residual  voltage  (3  IoZl)  introduced  on  the  isolated  line 
(Zl  =  50  —  j  1400  ohms)  is  about  9  and  4  volts  in  the  two  cases,  reapee- 
tivelv.  For  the  ease  of  Y-delta  banks  at  each  end  of  the  line,  with 
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impedance  Zi,  =  25  +  j  85  ohms  the  reaidnal  voltage  introduced  would 
be  about  0.6  volts  at  16  kV.  impreased.  It  is  to  be  expected  that  the 
apparent  triple-harmonie  residual  voltage  will  be  much  the  greater, 
since  Zn  greatly  exceeds  Zl.  The  formal  mathematical  discussion  is 
given  in  connection  with  the  delta  method,  below. 

The  third-harmonic  apparent  residual  voltage  increases  much  more 
rapidly  than  the  voltage  impressed,  as  is  to  be  expected. 

2.  Delta  Method. 

The  part  of  the  triple-freqnepcy  magnetizing  current  in  the  high- 
tension  neutral  introduces  an  actual  residual  voltage  on  the  power  line 
equal  to  three  times  the  product  of  neutral  cnrrent  and  impedance  of 
the  external  path  from  ground  to  the  line  side  of  the  potential  trans- 
formers.  .When  there  is  a  lai^e  resistance  in  the  comer  of  the  delta  the 
product  of  third-barmonie  ma^^netizing  current  and  delta-comer  resist- 
ance approaches  a  limit  which,  with  nearly  balanced  impressed  voltages 
of  16  kV.,  is  80  volts  in  primary  terms,  or  0.5%,  With  9  kV.  impressed 
this  value  is  12  volts,  in  primary  terms. 

This  delta-comer  voltage  of  the  low-tension  side  is  not  a  measure  of 
the  true  residual  voltage  introduced  on  the  high-tension  line.  The  fol- 
lowing equations  show  the  relations  involved.  The  discussion  is  con- 
cerned only  with  triple  harmonics,  arising  in  the  potential  transformers 
used  for  the  residual  voltage  measurements. 

Let:  £^ induced  voltage  in  each  high-tension  winding,  due  to  the 
triple-harmonic  flux  in  the  tranaformer  core. 

Then 

Z't  alt     • 

B  =  I„  { +  Z„  -f  Zl)  = —  (3  Z".  +  Zt)  (15) 

3  3 

It  is  assumed  in  the  above  that  the  triple  harmonic  fluxes  are  equal 
and  in  the  same  phase  in  the  three  transformers  and  the  ratios  eqnal ; 
as  is  approximstfily  the  case.  Only  the  third  harmonic  (150  cycles  per 
second  on  a  50-cyele  system)  will  be  considered,  as  the  higher  triple 
harmonics  are  not  appreciable  in  these  transformers  under  the  con- 
ditions of  nse. 

Z\  =6500  +  )  6810  ohms 

Z"i=0.29  +  j  0.47  ohms 

a=  120 

When  measuring  residual  voltage  by  the  .dfilta  method  Za  =:  0,  the 

neutral  being  grounded.    As  3  Z"i  is  usually  small  compared  to 

(3  Z", +Zt),  I  liZa  is  approximately  equal  to  B.    Zl  is  in  most 

practical  coses  less  than  —^i  hence  the  residual  voltage  introduced  by 
the  potential  transformers,  3  IbZl,  i«  usually  a  small  fraction  of  3^.        , 
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The  Deatral  eiirrent  for  this  line  is  approximat^y  constant  for  given 
delta-comer  impedance  and  impressed  voltage,  being  little  affected  by 
the  changes  in  the  value  of  Z[,  in  practical  cases.  The  neutral  current 
is  also  but  slightly  affected  by  the  delta-comer  impedance  over  the 
range  appropriate  for  use  in  the  delta  method,  being  about  7'miUiam- 
peres  at  16  kV,  impressed  voltages  and  leas  than  2  milliamperes  at  9  kV. 
Iq  the  case  of  the  isolated  San  Fernando-Somia  line,  Zi,  =  50  ^ — j  1400 
ohms.  At  16  kV.  impressed,  the  third  harmonic  residual  voltage  intro- 
duced on  the  line  ia  3  X  0.007  (50  — j  1400)  =30  volts  or  about  40% 
of  the  delta-eorner  voltage  which  appears  on  the  low-tension  aide.  At 
9  kV.  impressed,  the  third-harmonie  residual  voltage  introduced  is  S 
volts  or  about  70%  of  the  value  measured  on  the  low-tension  aide. 

The  measurement  of  triple-harmonic  residuals  is  obviously  not  of 
special  importance  for  isolated  systems.  For  the  more  practical  case 
of  the  same  line  with  grouijded  Y-delta  banks  on  each  end,  the  imped- 
ance Zl  is  25  -f  j  85  ohms,  and  the  residual  voltage  introduced  is,  at 
16  kV.  impressed,  only  3  X  0-W)7  X(25  +  j  85)  =  2  volta,  about  2%  of 
the  apparent  residual  voltage ;  at  16  kV.  impressed.  Incidentally,  this 
voltage  will  appear  in  the  measurements  of  line  Y-voltages. 

VI.  ConclTtsions. 

With  reference  to  the  residual-voltage  measuring  equipment  as  used 
at  San  Fernando,  some  of  the  results  are  summarized  on.  Drawing  No. 
306,  which  showa  the  variation  of  the  apparent  residual  voltage  for  both 
methods  for  the  given  transformers  and  line  ss  used-  'One  plot  relates  to 
the  fundamental  frequency  (typical  of  frequencies  present  in  b^aneed 
components) ,  and  the  -other  to  the  third  harmonic.  The  Y-method 
shows  the  least  apparent  residual  voltage  of  the  fundbmental  frequency ; 
the  delta  method  shows  the  least  apparent  residual  voltage  of  the  third 
harmonic.  Since  the  .method,  of  supply  was  designed  to  preclude  the 
introdudtioQ  ol  tnlple  harcaooics  in  the  balanced  voltagea,  the  observed 
third  harmonic  is.  oburgeable  eatirely  to  the  potential  transformers. 
The  true  third-harmonie  residual  voltage  (three  times  product  of  third- 
harmonic  neutral  current  and  line  impedance  to  ground)  is  plotted,  for 
the  isolated  line,  being  much  less  than  the  apparent  residual  voltage. 

The  Y  method  requires  that  the  measured  residuals  be  multiplied  by 
a  factor  to  correct  for  the  impedandes  of  the  transformers.  For  the 
apparatus  here  used  this  factor  is  1.04  under  the  most  favorable  con- 
ditions, with  20:1  ratio  of  auxiliary  transformer  and  high  impedance 
(500  ohms  or  mor«)  in  the  measuring  circuit.  For  high  impressed  volt- 
age on  the  auxiliary  transformer,  or  low  measuring-circuit  impedance, 
the  factor  is  greater,  and  must  be  investigated  for  the  particular  con- 
ditions. 
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For  frequencies  present  in  the  balaDced  voltagea,  residual  voltages 
below  1.0%  (delta  method)  or  1%  (T  method)  of  the  Y  voltages,  may 
be  in  error  by  50%  or  more. 

Por  the  third  harmonic,  the  error  Taries  with  the  magnetic  density. 
At  16  kV,  from  lines  to  neutral,  residual  voltages  below  1%  of  the 
T-voltage  may  be  in  error  by  50%  or  more,  with  either  method.  The 
higher  triple  harmonics  are  not  introduced  by  the  potential  trans- 
formers at  the  magnetic  densities  conaidered  in  these  tests ;  hence  are 
not  subject  to  this  error. 

Each  method  introduces  some  residual  voltage  on  the  line  gmalier 
than  the  errors  in  measurement.  The  delta  method  introduces  least  due 
to  unbalances,  while  the  Y  method  introduces  the  least  from  triple 
harmonics. 

The  d^ree  of  error  with  given  arrangements  of  line  and  trans- 
formers can  be  estimated  from  the  data  herein  given  and  the  line  and 
transformer  impedances  and  voltages. 

The  data  and  discussion  given  in  the  foregoing  pages  show  that  the 
limit  of  the  accuracy  of  residual-voltage  measurement  by  either  the 
delta  or  the  Y  method  is  set  by  fundamental  characteristics  of  the  poten- 
tial transformers.  Thns  in  the  delta  method  the  inequalities  of  ratio  of 
the  three  potential  transformers  used,  the  impedance  to  third-harmonic 
magnetizing  currents  of  the  potential  transformers  and  the  magnitude 
of  these  currents  determine  the  lowest  measurable  residual  voltage.  In 
the  Y  method  the  inequality  among  the  eqnivalent  impedances  of  the 
three  transformers  and  the  impedance  of  the  delta  circuit  to  the  thitd- 
h&rmoniQ  magnetizing  currents  are  the  factors.  A  choice  between  the 
two  methods  will  depend  upon  the  equipment  available.  The  delta 
method  has  the  advantage  of  requiring  only  three  potential  trans- 
formers. These  should  be  capable  of  withstanding  the  full  voltage 
between  phases,  in  case  they  are  used  on  an  isolated  system.  If  the 
transformers  are  rated  at  the  normal  voltage  between  phases,  they  will 
ander  normal  conditions  be  subjected  to  only  58%  normal  voltage,  with 
the  attendant  advantage  of  low  flux-denaity  and  correspondingly  small 
third-harmonic  magnetizing  current.  With  a  given  amount  of  ratio 
inequality,  the  Y  method  appears  to  be  best,  and  so,  if  the  ratio  inequal- 
ity is  large,  this  method  may  be  preferable.  The  auxiliary  transformer 
should  be  capable  of  withstanding  the  Y  voltage  of  the  system  and  its 
equivalent  impedance  should  be  lai^  compared  to  the  internal  imped- 
ance of  the  three  potential  transformers. 

The  results  obtaioed  in  the  various  tests  on  the  equipment  used  in 
the  present  investigation  seem  to  show  that  variations  can  occur  in  the 
characteristics  of  the  potential  transformers.  In  undertaliing  residual- 
voltage  measurements  with  a  set  of  potential  transformers  the  followipg 
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tests  appear  to  be  the  ones  of  importance  to  be  made:  (1)  internal 
impedance,  (2)  internal  impedance  and  exciting  impedance  of  auxiliary 
transformer  (in  Y  method),  (3)  measurement  of  open-eomer  voltage 
of  low-tension  delta,  with  high-tension  side  connected  delta,  or  vice 
versa.  The  impedances  of  lines  are  of  secondary  importance  and  approx- 
imate determination  by  calcnlation  should  be  sufficient. 

The  residual  voltage  under  normal  operating  conditions  is  a  few  per 
cent  of  the  normal  voltage  of  the  system.  Differences  among  the  trans- 
formers that  are  nnimportaut  in  the  measurement  of  delta  and  Y 
voltages  of  the  line  become  of  very  great  importance  in  the  measure- 
ment of  residual  voltage.  The  factors  involved  in  determining  residual 
voltages  include  impedances,  ratio  inequality,  frequency,  magnetic 
density,  magnitude  of  residual  voltage  to  be  measured  and  accuracy 
desired.  Consideration  must  therefore  be  given  to  each  particular 
case  in  order  to  determine  the  equipment  required  or  the  suitability  of 
the  given  equipment.  It  can,  however,  be  stated,  that  equality  of 
ratios,  low  magnetic  density,  low  internal  impedance,  and  high  exciting 
impedance  are  the  desiderata  for  greatest  accuracy. 

Bespectfully  submitted. 

(Signed)     LiviNasTON  P.  Ferbis, 
Assistant  Field  Engineer. 
ATTACKUEflTS :  P.  I.  C.  Drawings  Nos.  257,  258,  305  and  306. 

In  ElLCS  OF  Joint  CouurrrEE:  OBCillograma  Nos.  B34,  B35,  936,  S88.  MO,  Ml, 
942,  943,  944,  946,  948,  M&,  9S0,  953,  S54,  955.  906,  964,  967,  968,  975. 
Copies  of  tlie  foilowiog  memorada : 

The   use   oF  Potential   Transfonner   for  meaMiTing   Residual    Voltage,   JaDU- 
ary  S.  1014.     (General  discussion.) 

Comparison    of   Two   Metboda   of   Meaaurint   Residual    Voltage,   March   28, 
1914.      (Results  of  some  tests,) 

Investigation  of  Potential  Transformers  used  for  Residnal  Voltage  Measure- 
ments, March  17,  1815.     (Ontline  of  tests  reported  herein.) 

Approved:  April  21,  1916. 

(Signed)     R.  W.  Mastice, 

Field  Engineer. 

SuBCOHHrPTEE   ON    TESTS, 

(Signed)     J.  E.  Woodbridoe, 

Chairman. 

Joint  Committeb  on  Inductive  Interference, 
(Signed)     Arthur  F.  Bridqe, 

Secretary. 
May  19.  1916. 


Approved:   May  2,  1916. 


■dovGooi^Ic 


TUCHNICAL  RBPOKT  NO.   bt. 


aD= 


I 


Q 


z3<l, 


D 


a 


<yns 


iir 


iji,.iizMs.Goo>^Ic 


.ds.Goo>^Ic 


TBCHNICAL  REPORT  NO.  68. 


5 

R..CN,.SOS 

Neutral    Curi*«nt    and     Pelta    Com«r   Vollaae 

Y-  A    -f2o:l    PtttcnTia)     Tnonsfomitf* 
Neufrnl   grounded  diVectly  or  through  coil. 
AT  64  «  lU  %     narmol  impressed  yolto5e  . 

s 

1 

—' 

Ej     - 

■  15  »l 

H 

1 

C 



_ej_- 

_llfX_ 

1 
1 

."Si 

z 

.  /'■ 



_!•  — 

^ 

i»     - 

**% 

corner r 

«.i*hinc 

ma 

.ds.Goo>^Ic 


INDUCT]  VB   INTKRPEKENCB. 


sinoA-  atviiDA  ivnaicu 


i 

i  i 

i  s  s 

hH  ■ 

^ 

\ 

\ 

[<\ 

^ 

\ 

\ 

\ 

\j 

V 

\ 

\ 

\ 

N 

COM  -  MvivA  tvTKitfaa 


■dovGoOi^Ic 


TBCHNICAL  naPORT  NO.  I 


Technical  Beport  No.  59. 

September  6,  1916. 
RELATION    OP  TRIPLE    HARMONIC    REiBIDUALS    IN    A    TRANSMISSION 
LINE  TO  THE  MAGNETIC  DENSITY  IN  CONNECTED  TRANSFORMER 
BANKS.     EFFECT  OF  THE  LINE  CHARACTERISTICS. 


INTRODDCTION. 


£>p«nmcn(al. 
I.  SCOPB. 
II.  DESCRIPTION  OF  APPARATUS  AND  PROGBDDRR 
A — EDfltsT  Supply. 
B — Teat  Tnnaformen. 
C — TranamiBsioD   Line. 
D — Procedare. 

rii.  BEsui/rs  OF  tests. 

A — TFansformer  Eidting  Cnrwnt  Tests, 

1.  Single-phase  connection. 

2.  Delta-T  connection. 

3.  Y-T  connection. 

4.  Energy  loops. 

B — TestH  With  Iiine  Connected. 

1.  Delta-T  c 

2.  T-T  c 

IV,  DISCUSSION  OF  EXPERIMENTAL  RBSUm'S. 


Til. 

Theorelioal. 
I.  SCOPE. 
II.  EDSDLTS  OP  STUDIES. 

A — Predetermination  of  MagnetiEing  Current. 
B — DiTiaton  of  Magnetliing  Current  Among  the  Wludingt. 
C — Begalation  of  Ma^etisjng-Current  HAimonlca. 
III.  BIBLIOGEAPHT. 

8i»Tion  III. 
General  (7oncIu*K>n*. 

Introdncti(»L 

Th«  variable  permeability  of  iron  causes  a  dissimilarity  of  the  wave- 
fonns  of  the  magneto-motiye  forces  and  induced  voltages  in  trans- 
formen.  Under  the  conditions  of  present  practice  in  transformer  design 
the  distortion  consists  principally  of  a  vave  of  three  tim%  the  funda- 
mental frequency,  though  other  harmoni<38  appear.     When  a  simple 
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harmonic  voltage  is  impressed,  either  the  magnetizing  current  or  induced 
voltage,  or  both,  are  distorted.  If  the  harmonics  do  not  appear  in  the 
one,  they  must  appear  in  the  other.  The  magnitudes  of  the  harmonics 
are  dependent  on  the  masimum  magnetic  density  and  increase  very 
rapidly  as  the  iron  approaches  magnetic  saturation. 

Ip  a  three-phase  system  the  triple  harmonics  due  to  variation  of  per- 
meability occur  in  commoB  time-phase  in  the  three  phases  of  a  bank, 
assuming  the  fundamental  impressed  voltages  120°  apart  in  phase,  and 
like  transformers.  Thus,  when  the  system  has  a  grounded  neutral  on 
the  line  side  of  the  transformer  bank,  they  give  rise  to  residual  compo- 
nenta  of  voltage  and  current  in  connected  transmission  lines. 

When  a  circuit  exists  for  triple-harmonic  components  of  magnetizing 
current  in  a  transformer,  the  tendency  is  to  cause  a  certain  triple- 
harmonic  current,  which  is  definite  for  a  given  magnetic  density  and 
magnetic  characteristic  of  the  iron  core  and  a  given  wave-form  of 
induced  voltage.  That  is,  the  tendency  of  the  "r^iilation"  is  toward 
constant  current.  The  phase  and  magnitude  of  the  current  are  also 
dependent  on  the  impedance  of  the  path.  The  reactive  magnetic  flux 
due  to  the  current  combines  with  the  inherent  triple-harmonic  flux  and 
the  induced  voltage  of  triple  frequency  is  determined  by  the  resultant 
flux.  Thus  the  resultant  effect  depends  on  the  character  of  the  path 
for  triple-harmonie  currents. 

In  this  report  there  are  given,  in  Section  I,  results  of  tests  on  a  three- 
phase  bank  of  transformers  and  transmission  line  to  observe  the  effect 
upon  the  residuals  of  varying  the  impressed  voltage  on  the  transformer 
bank.  In  Section  II  are  given  results  of  some  theoretical  studies 
paralleling  the  experimental  work. 

Section  I. 

EXPEKIMENTAL. 
I.  Scope. 

The  object  of  the  work  here  reported  was : 
A— To  determine  the  characteristics  of  the  transformers, 
B — To  observe  the  triple-harmonic  residuals  of  a  transmission  line 
energized  by  a  delta-Y  or  T-Y  bank; 

(1)  with  grounded  neutrals  at  both  ends  of  the  line, 

(2)  line  isolated  except  at  energized  end,  where  the  neutral 

was  grounded, 

(3)  line  isolated  except  at  receiving  end,  where  the  neutral 

was  grounded. 

These  conditions  provided  paths  of  widely  diverse  characteristics  for 
the  triple-harmonic  magnetizing  currents  in  the  line-side  windings  of 
the  transformers.  The  station-side  windings  were  left  unchanged  during 
each  group  of  tests,  except  for  the  insertion  of  current  transformers  at 
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their  midpoints,  for  the  delta-T  test.  With  the  delta^Y  connection  the 
delta  provided  a  path  for  the  triple-harmonic  cnrrents,  in  parallel  with 
the  circait  through  line  wires  and  gronnd.  With  the  T-Y  connection 
there  was  no  such  parallel  path,  for  the  station-side  nentral  was  isolated, 
consequently  the  only  path  for  triple-harmonic  residual  cnrrent  was 
through  the  line-side  windings. 

n.  Deacriptim  of  Ai^>aratas  and  Procedure. 

A — Energt  Supplt. 
Three-phase  energy  was  supplied  from  the  Pacific  Light  &  Power 
Corporation's  15-kV.  network,  operated  at  a  frequency  of  50  cycles. 
Three  step-down  transformers  connected  delta-delta,  delta-Y  or  Y-delta, 
constituted  an  isolated  source  of  energy  at  the  desired  voltages  for 
application  to  the  transformers  under  test,  hnowu  as  the  "test-bank." 
The  supply  transformers  are  of  the  same  type  and  size  as  those  of  the 
test-hank.   'Drawings  Nos.  315  and  328  show  the  connections  used. 

B — Test  TRANaF(«HB&s. 

The  transformers  under  test,  referred  to  herein  as  the  "test-bank," 
are  three  Westinghouse  37i-kVA.,  Type  SK,  Style  No.  L108764,  50-cycIe 
units,  voltages  15000  &  440-110,  with  extra  taps  on  the  high-voltage 
winding.  They  have  Serial  Nos.  352198,  352204,  352203,  and  are  briefly 
designated  herein  as  (F),  (M)  and  (R),  respectively.  Further  data 
concerning  the  transformers  are  given  in  Section  II  of  this  report. 

The  transformers  were  connected  as  shown  on  Drawings  Nos.  315  and 
326.  The  station-sides  had  two  coils  in  series  and  two  in  parallel, 
requiring  220  volts  per  transformer  for  normal  excitation.  On  the  line 
side,  the  14250-volt  windings  were  used,  leaving  at  each  end  an  idle 
3T5-voit  coil,  except  that  the  induced  voltage  of  one  transformer  waa  - 
measured  by  means  of  one  of  these  coils.  The  coil-arrangements  were 
not  altered  during  the  tests,  except  that  some  of  the  measurements  of 
induced  voltage  were  made  on  7125-volt  windings,  in  the  single-phase 
and  Y-Y  exciting-current  tests.  ' 

C — Transmission  Line. 
The  15  kV.  transmission  line  from  San  Fernando  to  Somis  was  used 
in  these  tests;  its  length  is  36.7  miles,  and  it  consists  for  the  most  part 
of  three  No.  4  B&S  solid  copper  wires,  supported  in  a  vertical  plane  five 
feet  apart,  from  wooden  crossarms,  on  wooden  poles.  The  average 
height  of  the  upper  conductor  above  the  earth  is  50  feet.  Technical 
report  No.  54  gives  a  more  complete  description.  Durii^  th^e  tests  the 
transmission  line  bad  five  transpositions,  dividii^  the  line  into  two 
complete  "barrels,"  with  a  resultant  unbalanced  length  of  1200  feet  or 
0.6%  of  the  total  length. 
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At  the  far  cnA  of  the  line  were  three  15-kVA.  Westinghouse,  Type  SE 
transformers.  Style  Ko.  L.126892  B,  15000  &  440-110  volts,  Serial  Nob. 
352124,  322291,  322293.  They  were  in  interconnected-Y  on  the  line 
side,  with  two  7500-voU  windings  in  series  composing  each  phase.  With 
this  arrangement  the  voltage  rating  is  reduced  by  13%,  The  low- 
voltage  side  was  connected  delta,  110  volts  per  phaae,  with  the  four  coils 
of  each  phase  in  parallel.  An  air-awitch  was  provided  for  grounding 
and  isolating  the  neutral  point  of  the  bank. 

The  object  of  using  the  interconnected-T-delta  bank  at  the  receiving 
end  of  the  line  was  to  reduce  to  a  minimum  the  triple  harmonies  intro- 
duced by  the  receiving  transformers.  This  precaution  is  neeessai?  when 
the  receiving-end  neutral  is  grounded.  The  measured  impedances  of  the 
line  and  receiving  transformers  to  third  and  nlath-harmonic  residual 
eurrenta  are  lower  with  the  receiving-end  bank  in  iaterconnected-T- 
delta,  than  with  it  in  strai^t-Y- delta,  the  neutral  being  grounded.  (See 
drawing  No.  270.) 

Measurements  of  line  impedance  to  residuals  are  given  on  attached 
drawings,  as  follows : 

Drawing  No.  263 — Three  line  conductors,  in  parallel,  to  ground — 
isolated  at  far  end. 

Drawing  No.  270 — Three  line  conductors,  in  parallel,  to  ground — 
far  end  grounded  through  interconnected- Y- 
delta  and  through  Y-delta  15-bVA.  trans- 
former bank. 

D — Phocedubb. 

Measurements  were  made  of  the  following  quantities,  using  meters 
and  oscillograph : 

Qaantit}-  Symbol 

Station-side  impressed  voltage  of  test-bank,  busses  A  to  C.  E'ac 

Line-side  voltages,  lines  to  neutral E''^,  E",,  B", 

Induced  voltage — in  end  winding  of  one  transformer Bj 

Residual  voltage  of  line  at  San  Fernando Er 

Voltage  to' ground  of  line-side  nputral  of  test-bank En 

Delta-residual  current — vector  sum  of  the  currents  in  the 
three  phases  of  the  station-side  delta  of  the  test  bank 

(delta-Y  test)  Dr 

Line-side  neutral  current  of  the  teat  bank In 

Line  currents I"„  I"„  I", 

Station-side  current,  phase  A 1\ 

The  potential  and  current  transformers*  used  in  the  measurement  of 
these  quantities  were  arranged  as  shown  on  Drawings  Nos.  315  and  328. 

Table  I  shows  the  supply  transformer  counections  corresponding  to 
the  various  voltages  at  which  tests  were  made. 

■For  reaultfl  of  tests  to  determine  errors  due  to  current  transtonnars,  aet  T.  R 

No.  G3:  potential  transfonnera,  see  T.  R.  No.  E8. 
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Delta-T  connectioa  of  test  bsDit; 

.  15000/110 
,     12960/110 

Delta-delta   

62 

Delta-delta  

Y-Y  connection  of  teat  bank: 

.     12960/220 

.  15000/220 
.  15000/330 
.     15000/220 

125 

Delta-delta  

97 

The  single-phase  exciting  eurrent  tests  eoTered  the  r&nge  from  54  to 
148  per  cent  of  normal  voltage. 

The  induced  voltage  of  fondamental  frequency  is  directly  propor- 
tional to  the  magnetic  flax  wave  of  fundamental  frequency.  In  stating 
the  ratio  of  actual  induced  voltage  to  normal  voltage,  the  fundamental 
component  of  induced  voltage  has  been  used,  hence  where  "per  cent 
normal  voltage"  appears,  it  also  indicates  the  per  cent  of  normal  mag- 
netio  flux  density  of  the  fundamental  frequency.  Harmonics  in  the  flux 
wave  generally  change  the  maximum  value  of  the  resultant  magnetic 
flux  wave  as  well  as  its  form.  In  the  T-T  tests  this  change  is  of 
importance. 

Assuming  a  simple  harmonic  flux  wave,  the  average  magnetic  density 
in  the  net  erofis-sectioos  of  the  iron  cores  of  the  test  transformers  is 
14100  gausses  in  the  legs,  and  10000  gausses  in  the  yokes,  which  form  65 
and  35  per' cent  of  the  magnetic  circuits,  respectively.  The  cores  of  the 
transformers  are  annealed  silicon  sheet  steel,  with  laminations  0.014 
inches  in  thickness. 


m.  KesnltB  of  Tests. 

A — Teansfokmkb  Exciting-Cl'brekt  Tests. 

1.  Exciting  Current,  Single-phase  Connection. 

Measurements  of  the  exciting  current  and  induced  voltage  were  made 
on  one  transformer  for  a  range  of  voltages  from  54  to  148  per  cent 
of  normal ;  measurements  at  108  per  cent  were  made  on  the  other  two. 

Tables  II  and  III  and  drawing  No.  329  set  forth  the  results.  The 
transformers  were  excited  on  the  220-volt  windings  and  the  induced 
voltage  was  measured  on  the  7125-volt  windings.  The  measurements 
made  on  March  4,  1915,  differed  in  that  the  induced  voltage  was  meas- 
ured on  a  375-volt  winding,  and  there  was  a  eurrent  transformer  con- 
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nected  at  the  mid-point  of  the  220-Tolt  winding.  The  supply  waa  for- 
niahed  by  two  transformerB  similar  to  thoae  under  test,  connected  in 
series  between  phases  of  the  15-kV.  supply. 

TABLE   II. 


•Mods  on  S/4/16;  Indi 

The    other    meaHuremen._        _._    

WBB  measured   on    the   TI26-volt  windlngrs.     In  a 
current  Is  that  of  the  Z2D-volt  wlndlnss. 

TABLE  III, 
OacMlogrBmi  or  Slngla-Phaie  Exciting  C 


caaea  bzcltlng 


t  and  Inducad  Veluga. 


Induced  Voltagc-lrllovolta  <7.]25-kV.  wlpding). 

3.86     5.82      7.40      7.89      7.68      7.70     7.68     9.08  10.5 
Oj09     0.13      0.10     0.10     0.10     0.10     0.10     0.35       2.1 
0.04      0.06     0.05     0.06     0.05     0.09     0.16        •         0.3 
•          ■          •          •          •          >          •          •         0.4 

3.86      im     7.40     7,69      7.68     7.70      7«     OSfT  10.7 

'amperes  (220'Volt  winding). 


1.40     2.52       8.7      10.2 


13.0      11.1      S1.7      112 


Impressed  voltage— volte. 


B 

R 

B 

B 

.  B 

P 

M 

B 

R 

B 

OscIlloRram  No. 

735 

742 

787 

736 

738 

741 

780 

7« 

744 

863 

t  of  fundamental  Induced  volt&ge  to  T.lZfi  kV..  the  normal  value. 
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The  induced  voltage  contains  small  third  and  fifth  harmomes,  even  at 
the  lower  densities.  These  may  be  due  to  the  waTe-form  of  the  IS-kY. 
network  or  to  the  impedanee-drop  of  the  exciting  current.  When  the 
Toltape  is  127%  of  normal,  the  third  harmonic  ia  about  4%  of  the  fnnda- 
mental  and  when  148%  normal,  there  is  a  20%  third  harmonic.  In 
the  latter  case  there  is  3%  of  fifth  harmonic  and  4%  of  seventh.  The 
ratios  of  induced  voltage  to  exciting  current,  for  indiridnal  frequencies 
and  for  the  equivalent  sine-waves,  fall  rapidly  over  the  range  from  50 
to  125%  normal  voltage,  a)l  following  similar  ourves.  Two  oscillo- 
grams  of  impressed  voltage  were  taken.  The  noteworthy  feature  is 
the  large  third  harmonic,  at  the  highest  voltage  employed,  dne  to  the 
transformer  under  test. 

For  equal  induced  voltages,  there  are  large  differences  in  the  exciting 
currents  of  the  three  transformers,  as  is  shown  by  both  meter  readings 
and  oscillograms. 

Drawing  No.  329  indicates  the  variations  in  the  components  of  exciting 
current  of  transformer  "B."  The  fundainental  and  the  equivalent 
due-wave  values  increase,  at  first,  approximately  in  proportion  to  the 
voltage.  But  above  about  80%  normal  voltage  the  exciting  current 
increases  much  more  rapidly,  and  from  100  to  130  per  oeut  of  uonpal 
voltage  the  fundamental  can  be  represented  quite  accurately  by  the 
formula : 

I  =4.0E"'  (1) 

where 

Actual  fuadameptal  induced  voltage 

Normal  fundamental  induced  voltage 
I  ^  Fundamental  exciting  current. 

The  equivalent  sine-wave  varies  in  practically  the  same  way. 

The  rate  of  variation  of  the  third  harmonic  with  the  voltage  also 
changes.  At  60%  normal  it  increases  as  the  square  of  the  voltage.  At 
110%  it  appears  to  increase  as  the  fifteenth  power  of  the  voltage.  The 
tendency  of  the  third-harmonic  current  curve  to  droop  at  the  highest 
voltage  is  notable,  and  corresponds  to  the  observed  large  third-harmonic 
induced  voltage.   ■ 

Similar  enormous  rates  of  increase  are  observed  for  the  fifth  and 
seventh  harmonics.  The  fifth  apparently  rises  to  a  maximum  and  falls 
off.  The  ninth  harmonic  was  observable  at  108%  normal  voltage.  At 
148%  there  might  have  been  an  ampere  or  more  present  without  being 
snfBcient  to  be  measured  on  the  oscillogram.  The  ratios  of  the  higher 
harmonics  of  exciting  current  to  the  fundamental  rise  with  increasing 
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rapidity  to  about  110%  normal  voltage,  reach  a  mazimnm  at  aboat 
125%,  and  then  decrease.    The  maximum  Tslues  are 


I, 
I  be  accounted  for  by  the  impedance 


I.  I.  Ir  Iksw 

—  =  65%,  —  =  25%,  —  =  7%. =  125%. 

I.  It  '  ' 

This  falling  off  in  the  ratio  < 

of  the   exciting-current  circuit,   which  limits  the  higher  harmonic 
currents. 

The  values  of  the  harmonics  are  in  all  cases  approximate,  their  accu- 
racy being  in  proportion  of  their  relative  values  in  the  complex  current 
waves. 

The  values  of  magnetizing  current  with  respect  to  the  load  ciirrent 
can  be  seen  on  drawing  No.  329.  Thus  at  normal  voltage  the  exciting 
current  (E.  S.  W.  value)  is  3%  of  full  load  current,  and  at  1147o 
normal  voltage  the  exciting  current  is  10%. 

2.  Exciting  Curreni,  DeltO'Y  CotmeoUon. 

One  oscillogram  was  taken  of  the  exciting  current  and  indnced  volt- 
age of  transformer  "tl,"  and  the  delta  residual  current.  The  results 
are  given  in  Table  rV. 

The  supply  transformers  were  in  delta-T,  15000  to  110  volts  per 
phase.  The  observations  were  made  on  the  station-side  of  the  teat-bank, 
connected  for  220  volts  normal  excitation. 

TABLB  IV. 

Oaolllogram  of   Kxelting  Cumnt.  and   Induced   Voltags. 

Thr«a-Phaaa— Datla-Y. 

(S3  per  cent  of  normal  Induced  TOltiiKe.} 


Oaa.  No.   8C2,  t/VlG- 

Llne  vollaees  13.3.  13, E  and  13.2  kV. 

StaUon  bua-voltage,  211  volta. 

The  induced  voltage  is  almost  purely  fundamental;  there  is  little 
other  than  third  harmonic  in  the  delta  residual  current  and  very  little 
third  harmonic  in  the  bus-current. 
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The  average  vaJtie  of  third  harmonic  in  the  single-phase  exciting  cur- 
r«it8  from  Table  III  and  drawing  No.  329,  is  1.46  amperes,  which  agrees 
very  well  with  the  value  Dr  =  1.5  amperes  as  measured. 
■^ 

3.  Exciting  Current,  T-T  Connection. 
Table  V  presents  results  of  exciting-current  measurements  with  the 
Y-T  connection.    The  current  in  the  220-volt  windings  and  the  induced 
voltage  across  the  7125-volt  windings,  were  measured. 


OMmogram 

TABLE  V. 
■  of  Exciting  Currant  and  Inducad  Voltaga. 

Thre«-Phi 

>a,  V-Y. 

SMS 

M                                   1                                   111 

.™-, 

toM 

SSffi      ■JKT' 

n^ 

ssiSf 

E.  3.  W. 

seo 

702 

3J0B 

408 

8.9 

5JW 

Oie.  No. 

747 

748 

**RatJo  of  Cundamenta)  fnduced  voltase  to  7.1tS  kV.,  the  nomiBl  voltage  of  Che 
winding. 

The  measurements,  having  been  made  at  only  two  voltages,  do  not 
afford  data  for  complete  curves.  Drawing  No.  330  shows  the  values  of 
Table  V.  Aflsnming  that  the  law  of  variation  of  the  curves  is  7  =  ax" 
the  value  of  m  may  be' found  from  the  two  points.  Actually,  the  exciting 
current  probably  varies  much  more  slowly  at  low  density.  The  rates  of 
variation  with  the  voltage  as  thus  determined  from  97  to  111  per  cent 
normal  voltage  are ; 

Exciting  Current  m 

Equivalent  sine-wave 8.7 

Fundamental   3.6 

Fifth  Harmonic 6.5 

Seventh  Harmonic 6.6 

Induced  Voltage  m 

Equivalent  sine-wave 1.12 

Fundamental   1.00 

Third  Harmonic 1.5 

Ninth  Harmonic 5^  , 
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These  figures  serve  to  indicate  the  large  ratio  of  increase  of  the 
exciting-current  components  to  increase  of  fundamental  induced  Toltage. 
The  ttiird  harmonic  of  induced  voltage  increaseB  aa  the  3/2  power  of 
the  fundamental.  The  ninth  harmonlo  apparently  increases  much 
more  rapidly.  The  numerous  harmonics  in  the  induced  voltage,  and  the 
prominence  of  the  third  and  ninth  harmonics,  are  noteworthy. 

4.  Energy  Loops. 

Energy  loops  constructed  from  exciting-current  and  indoced-volta^ 
waves  of  the  single-phase  and  three-phase  Y-Y  tests  are  shown  on 
drawing  No.  356.  The  areas  of  the  loops  show  all  the  iron  losses  in  the 
transformers  including  both  hysteresis  and  eddy  current  losses.  The 
diflEerence  between  these  loops  and  the  ordinary  "hysteresis"  loop  is  due 
to  this  inclusion  of  other  than  hysteresis  losses.  Since  the  induced 
voitt^  was  measured  on  the  secondary  winding  of  the  transformer 
the  copper  loss  in  the  primary  winding  is  not  Included. 

Comparing  the  loop  from  the  single-phase  test  at  108%  normal  volt- 
age with  the  loop  from  the  three-phase  test  at  111%  normal  voltage  it 
will  be  noted  that  the  single-phase  loop  reaches  the  higher  &ax  density 
and  includes  the  greater  area.  The  loop  obtained  from  the  three-phase 
test  is,  however,  broader  at  the  zero  values  of  magnetomotive-force 
and  fiux  than  is  the  corresponding  single-phase  loop.  This  may  be  due 
to  the  secondary  curve  in  the  loop  obtained  from  the  three-phase  test. 
Thia  secondarj'  loop  corresponds  to  the  "dimple"  in  the  flui  wave, 
obtained  with  the  three-phase  test.  On  drawing  No.  357,  indueed- 
voltage,  magnet4»notive-force,  and  tlux  waves  are  plotted  for  the  two 
values  of  induced  voltage  of  the  three-phase  T-Y  tests.  It  will  be 
noted  that  due  to  the  suppression  of  third  harmonic  in  the  magneto- 
motive-foree  wave  the  voltage  wave  is  peaked  and  passes  through  the 
zero  value  three  times  in  each  half  wave  length.  Correspondingly,  the 
dux  wave  is  flat-topped  and  has  two  maxima  ftnd  one  minimum  in 
each  half  wave  length.  The  magnetomotive-force  wave  contains  fifth 
and  seventh  harmonics  and  is  also  double  peaked.  The  fiat-topped  flux 
wave  noted  above  accounts  for  the  smallness  of  the  area  of  the  enei^y 
loop  as  compared  to  that  obtained  from  the  single-phase  tests  at  the 
same  value  of  fundamental  induced  voltage. 

Since  the  magnetomotive-force  required  for  the  high  value  of  llux 
density  of  the  tests  at  127%  and  148%  normal  voltage,  is  several  times 
that  required  at  108%  normal  voltage  it  is  not  practicable  to  show  the 
energy  loops  for  these  high  values  of  flux  density  on  drawing  No,  356. 
They  are  characterized  by  an  extreme  lengthening  of  the  beak  of  the 
loop,  owing  to  the  close  approach  to  saturation  of  the  iron.  ' 

The  induced  voltage  is  approximately  simple  harmouie  in  the  single- 
phase  exciting-current  tests,  and  the  flux  therefore  even  mors  closely  so. 
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therefore  a  drawing  of  them  correspoDdiDg  to  drawing  No.  357  is  not 
necessary, 

B — Tests  With  Lnm  Connected. 

1.  Delta-Y  Connection. 

The  measurements  summarized  in  Tables  YI  and  YII  and  those 
plotted  on  drawing  No.  333  were  taken  with  the  San  Fernando-Somis 
line  enei^ized  from  the  test-bank.  The  conditions  of  the  neutrals  of 
the  test-b&nk  and  the  interconnected-Y-delta  bank  at  Somis  <ire  speci- 
fied. The  entire  test  was  conducted  on  March  3,  1915,  The  three  eases 
considered  were  observed  in  succession,  for  each  value  of  impressed 
voltage. 

In  the  tables,  values  of  the  impedances  of  the  measuring  circuits  for 
delta  residaal  current  and  neutral  current  are  given.    Thus 

^^measuring-circuit  impedance  in  secondary  of  the  three  40,^ 

current  transformers  (not  including  leads  and  impedances 

of  current-transformers) . 
Zb  =  measuring-circuit  impedance  in  secondary  of  neutral-current 

transformer  (not  including  leads  and  impedance  of  current 

transformer) . 
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^'ao 

E- 

Bu 

Djj 

^ 

''  i 

a. 

1- 

voltsse 

amp. 

amp.   j 

amp. 

Case  1.    Both 

neutrals 

crouDd 

d. 

31 

70 

4.71           4.7< 

0.D4 

00 

osmo 

90 

0.80 

S3 

138 

-              9.0 

1.34 

7.6 

0JXS4 

32 

1.66 

97 

210 

14.2           13.6 

4.8 

1.1 

0.0078 

90 

232 

109 

243 

18.2           16.7 

22 

1.1 

OJMS 

90 

125 

27B 

r  8^  F 

18.4           1811 

88 

0.1 

o.ioe 

2 

1.S6 

Cases 

em  an  do  neutra 
"~^  4.70         4.55 

ground 
0.04 

d:  Soral 
~  90  " 

s  neutral  Isolate 

0.0005-"^       BO 

d. 

31 

70 

0.80 

62 

138 

—              8.8 

1.1S 

7.6 

osmi 

32 

1.65 

SG 

ae 

14.2           13.7 

4.8 

1.1 

0.0042 

90 

2.30 

110 

243 

15.8           15.8 

25 

1.1 

OBOBO 

90 

m 

278 
1.    San  F 

18.4           18.0 

101 
isolate 

0.1 
;  SomlB 

0.013 

90 

1.87 

Case 

ernandc 

neutra 

neutral  grounde 

d. 

n  San   Fernando  n 


nf    I 

.glc 


TABLE  VII, 
t  Oielllopnm*.    Three-PhsM — DaKa-Y  Connection. 
San  Fornando  and  Somli  Nautrali  Qroundad. 


Dolta  Bealdual  Currant,  D  — unperM. 


E.  8.  W. 

0.85               2.14                53 

22 

SB 

Z„ 

0.97               0.32               0.88 

0.43 

0.41 

Neutral  Current,  I>— tunperei. 

0.O105  0.0124  0.040 

ojMii  oxnio  0.00S 

0.0011  aOMO  O.007 

0.0004  •  • 


ojm  asm 

0.022  0^4 

0X105  0.013 

•  OJKM 

•  0.006 


B.  a.  w. 

0.0107            0m20            0.041 

0.053 

0.105 

z. 

2.7                14.9                 OS 

3.2 

3.2 

Induced  Voltase,  Bi— ^cilorolti. 
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TABLE   VII— Contlnuad. 
Analyasi  of  Oicllloarami.     Thre«-PhaM — DsKa-Y  ConnM 
Oaa  S.     San  Fernando  Neutral  Oreunded;  Bomie  Neutral  I 


Delta  Residual  Current,   D  — amperes. 


E.  8.  W. 

il.«              1.38              54 

25 

101 

^ 

IU7              0^              0.38 

0.3S 

0.42 

OSXej  OJDOOG  OXI01&  OJWK 

O.0OM  0.0026  O.OOSe  0J}138 

0.0011  O.00tt  0XNH9  0.0024 

0.0013  0.0028  OiMlS  OiWOB 

0.0005  0.0020  0.0067  0.0101 


E.  8.  W. 

0.0019            0.0067            0.0106 

oms5 

0.036 

Z. 

2.73              145                 2.7 

3.1 

3.2 

Induced  Voltage.  Bi~«lkivolts. 

B.  8.  W. 

4.48 

8.9 

13.7 

15.7 

I7J 

Obc.  No. 

SfiS 

839 

861 
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TABL,E  V 1 1— Concludad. 

Analyiu  sf  Oacllloarami.    Thrca-Phaia — D*IM-Y  Connactlan. 

:»e  3.    Ban  Fernando  N«utr>l  laalatad;  Samli  Neutral  Oroundei 


1  Currant,  D  — amperM. 


E.  S.  W. 

0.42 

1.22                5.6 

25 

101 

^R 

0.97 

0.32               0.38               - 

0.41 

0.42 

Neutral  VoltsKe.   Bi^volla. 

Induced  Voltage, 
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The  impressed  voltages  and  line  currents  and  voltage^to  neatral  were 
nearly  the  same  for  the  three  cases.  The  line  current  decreases  with 
increase  of  voltage,  owing  to  the  large  exciting  current  taken  by  the 
interconnected- Y-delta  hank  at  Somis  at  the  higher  voltages.  -  The 
induced  voltage  contains  from  two  to  four  per  cent  of  third  harmonie 
and  in  some  cases  a  small  amount  of  fifth  harmouic.  The  same  is  true 
of  the  impressed  voltage. 

The  delt&  residual  curreot,  being  the  vect<»r  sum  of  the  currents  in 
the  three  station-side  windings  ckf  the  test-bank,  includes  a  component 
of  three  times  the  circulating  current.  The  measurements  of  the  delta 
residual  cnrrent  are  somewhat  in  error  due  to  the  apparent  third- 
harmonic  residual  current  caused  by  the  current  transformers.*  The 
magnitude  of  this  error  is  shown  in  Table  VIII. 

TABt.E  VIH. 


winulfDlCafe 


■ST'" 


For    the    fuDdatnental    frequency    the   aDparent 


Thus  the  current  transformers  introduce  errors  in  the  measurement 
of  the  fundamental  and  third  harmonic  of  Dr  which  are  of  importance 
at  low  voltage  but  of  no  consequence  at  the  higher  voltages. 
•  In  the  tables,  average  values  of  Dr  are  given.  At  the  higher  voltages, 
the  value  varied  from  moment  to  moment,  sometimes  over  a  range  of 
several  per  cent,  due  to  variations  in  iiApressed  voltage. 

Drawing  No.  333  shows  the  value  ■  of  the  third  harmonic  of  Dk- 
Above  80%  of  normal  voltage  the  increase  is  very  rapid.  ■  Between  97 
and  125  per  cent  of  normal  the  increase  follows,  roughly,  the  10th 
power  of  t^e  voltage.  Dr  increases  in  the  same  general  way  for  the 
three  cases.  Witii  both  neutrals  grounded,  the  third  hamsonie  is, 
however,  appreciably  less  than  when  either  neutnd  i»  isolated.  From 
Table  TV,  the  delta  residual  current  with  the  line  disconnected  is 
4.5  amperes  at  93%  normal  induced  voltage,  or  in  good  agreement  with 
the  cases  where  one  of  the  neutrals  is  isolated.  The  fundamental  delta 
re«ddual  current  varies  more  with  the  condition  of  the  neutrals.    It  la 
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small  compared  to  the  third  harmonie  and  represeots  the  equalizing 
current  due  ti^  inequalities'  among  the  transformers,  and  to  line 
imbalance. 

The  fundamental  and  fifth  harmonics  of  the  delta  residual  current 
are  given  on  drawing  No:  333,  to  shovf  how  small  is  theii*  increase 
compared  to  that  of  the  third  harmonic. 

The  oscillograms  of  delta  residual  current,  at  the  lowest  density  tested, 
indicate  a  small  second  harmonic.  The  neutral  current  sho^rs  a  distinct 
29th  harmonic.  These  effects  are  small  and  are  not  appredable  in  the 
wave-shape  at  higher  denaities.  - 

With  both  neutrals  grounded,  the  third-harmonic  neutral  current 
bears  8  nearly  constant '  ratio  to  the  third-harmonic  delta  residua! 
current. 

With  the  Somis  neutral  isolated,  the  neutral  current  varies  less 
rapidly,  and  is  apparently  larger,  M  lower  density,  than  in  the  case 
with  both  neutrals  grounded. 

There  is  intimate  relation  between  the  triple-harmonic  delta  residual 
current  and  the  neutral  current.  A  disoussion  of  this  subject  is  given 
in  Section  III. 

In  considering  the  observed  values  of  I„,  account  must  be  taken  of 
the  impedance  between  neutral  point  and  ground,  as  well  as  the  imped- 
ance of  the  line  to  residuals.  Thus,  the  meter  readings  of  neutral 
current  are  much  lower  than  the  oscillogram  values,  with  both  neutrals 
grounded,  due  to  the  large  fundamental  present  in  the  oscillograms, 
but  reduced  when  the  meter  (of  relatively  high  impedance)  was  in 
circuit.  The  Somis  transformer  bank  produces  a  third-harmonic 
residual  voltage  which,  with  both  neutrals  grounded,  affects  the  third- 
harmonic  neutral  current  at  San  Fernando.  This  is  shown  by  Table  IX 
and  discussion  thereof,  in  technioal  report  No.  60.  The' neutral  voltage 
at  San  Pemandp  was  between  20  and  30  volts  at  113%  normal  voltage. 

The  ninth-harm(mie  neutral  current  is  larger  with  the  Somis  neutral, 
isolated  than  when  both  neutrals  are  grounded,  owing  to  the  fact  that 
the  impedance  is  muoh  lower.  On  the  other  hand,  the  impedance  to  the 
fundamental  is  much  higher  and  the  fundamental  neutral  current 
greatly  reduced. 

The  residual  voltage  was  too  small  to  be  mea«nred. 

The  voltage  from  neutral  to  ground  is  chiefly  third  haimoaic,  with 
some  fuiMlamental,  and  at  124%  of  normal  voltage  amounts  to  |%  of 
the  line  voltag«  to  ground. 
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2.  Y-Y  Connection. 

The  meaBoremeDts  summarized  in  Tables  IX,  X,  XI,  and  those  plotted 
on  drawing  No.  334  were  taken  on  March  12,  1915,  with  the  San  Fer- 
nando-Somis  line  energized  from  the  test-bank.  The  nentrals  of  the 
test-bank  and  of  the  intercomieeted-Y-delta  bank  at  Somia  were 
grounded  or  isolated  as  specified.  The  three  eases  considered  were 
observed  successively  for  each  value  of  impressed  voltage. 

In  the  table  of  neutral  currents  the  impedances  of  the  measuring 
circuits  are  given.  Thus,  Z.  =  measoriBg-circuit  impedanee  is  the 
secondary  of  the  neutral  current  transformer  (not  including  leads,  or 
impedanee  of  current  transformer) . 


TABLE   IX. 
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Case  2.  San  PemaDdo  Neutral  Orounded:  Somie  Neutral  Isolated. 
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Line    Current!    and    Voltagas. 
>   V-Y.    Osclllagram    No.   923. 
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Impressed  voltages  and  Une  voltages  were  practically  the  same  for 
the  three  cases,  and  nearly  simple  harmonic.  The  measurements  of  E" 
were  made  on  a  bank  of  potential  transformers  connected  in  Y  on  the 
line  side  with  the  neutral  isolated  and  thus  do  not  indicate  the  voltages 
of  the  line  wires  to  ground,  but  to  the  neutral  as  established  by  the 
potential-transformer  bank.  With  the  Y-Y  connection  of  the  test  bank 
it  was  found  that  there  was  a  tendency,  when  the  Somis  neutral  was 
isolated,  for  the  line  voltages  and  currents  to  be  uribalaileed.  Further 
observations  of  this  phenomenon  are  given  In  technical  reports  Nos.  60 
and  62.  In  Tables  IX  and  X,  for  Case  2  (Somis  neutral  isolated)  it  will 
be  noted  that  at  the  highest  impressed  voltage  the  induced  voltage 
greatly  exceeded  the  line  voltage  (as  measured  by  the  potential  trans- 
formers) and  contained  a  large  third  harmonic ;  the  line  currents  were 
unequal  and  the  observed  station-side  current  IV  was  notably  low. 
For  all  the  other  observations,  the  line  currents  and  voltages  were  prac- 
tically equal  and  balanced.  Oscillograms  918  and  919,  taken  under 
similar  conditions  and  given  in  Table  XII,  supply  the  explanation. 

TABLE  XII. 
Osclllotrama  af  Line  and  Rslidual  ValtaflM  and  Neutral  Currant.    Thrae-Phaaa  V-V. 
VoHagaa  U 


■Boa  Pernasdo  Neutral  Grounded:  SoidIg  ueutral  laolated. 

In  this  unbalanced  condition  the  fundamental  voltages  to  ground  were 
E",  =  13.8  kV.  E'%  =  17.9  kV.  E'%  =  17.9  kV. 

The  foodamental  reaidual  voltage  was  8.5  kV.  and  the  third-harmoDK 
residual  voltage,  3^  kV.  Thus  one  traosfonner  was  excited  at  about 
96%  normal  voltage  and  the  oUier  two  at  about  126%  normal  voltage. 
The  impedance  of  the  line  is  -  pnetically  [nire  d^aoitiTe  reactance, 
hence  the  fundam«ital  line  eurrent  and  the  required  station-«ide  excit- 
ing current  are,  roi^hly,  in  the  same  time  phase,  since  both  lead  the 
induced  voltage  by  approximately  90°.  The  difference  of  these  two 
oonstitutes  the  station-side  cDrr«nt. 
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The  exciting  current  at  126%  normal  voltage  is  very  lai^e  (see  draw- 
ing No.  329) .  The  voltage  unbalance  of  the  transformers  is  one  of  fonr 
possible  solutions  satisfying  the  two  conditions  for  the  station-side ; 

1.  the  delta  voltages  are  approximately  fixed. 

2.  the  sum  of  the  three  bus  currents  is  zero. 

The  three  other  solutions  were  also  olwerved  during  the  tests;  that  is, 
the  inequality,  of  voltages  would  occur  with  any  one  of  the  three  phases 
,at  low  voltage,  the  other  two  being  high;  besides  these,  it  was  possible 
for  the  transformer  voltages  to  be  practically  balanced ;  but  this  latter 
condition  rarely  occurred  with  Somis  neutral  isalated  at  so  high  a  valne 
of  impressed  voltage.  The  third-harmonic  neutral  current  can  be 
roughly  estimated  from  the  values  of  transformer-voltages  given  by 
oscillograms  918  and  919. 


■Rum  diiwlor  Ko.  tSO  and  Tibia  IH,  mi  rmtlo  ol  tami  lOSO/tK. 

This  assumes  that  the  third  harmonic  is  in  phase  in  the  three  trans- 
formers, and  exists  in  the  line-side  windings  only ;  and  that  the  exciting 
current  of  third-harmonie  frequency  follows  the  same  law  of  variation 
with  density  in  all  three  transformers.  The  third-harmonic  neutral 
current  of  oscillogram  918  was  0.83  amperes.  In  the  present  tests  it 
was  1.03  amperes.  The  average  of  the  several  observations  was  0.90 
amperes.  With  the  data  available,  and  considering  that  small  differ- 
eAces  in  the  voltages  cause  large  changes  in  the  third-harmonic  currents, 
the  agreement  is  very  satisfactory. 

The  unbalanced  voltages  resolve  into  balanced  components  of  about 
16.2  kV.  and  a  reddtia)  voltage,  opposite  in  phase  to  one  of  tite  balanoed 
voltages,  of  abont  8.5  kV.  For  three  balanced  Voltages  of  16.2  kV. 
(114%  normal)  the  requireti  -third-harmonic  current  determined  as 
above,  is  0,56  amperes,  tfcua  the 'effect  of  the  distortion  of  the  phafle 
e.  m.  fs.  is  to  nearly  dtmble  the  tiiird-faarmonic  neutral  current. 

Oacillogram  917  was  taken  when  the  voltages  were  balanced,  15.8  kV. 
pet-  phase,  with  0.32  amperes  of  third-harmonic  neutral  eurrent.  The 
required  third-harmonic  exciting  cUrreDt  of  the  three  transformers, 
from  drawing  329  and  Table  III,  is  0.38  amperes. 
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Oscillogram  923  is  giveii  in  Table  XI  to  present  simnltaneous  msas- 
arements  of  line  aad  station-side  tmrrents  of  one  of  the  transformers, 
witb  both  neutrals  grounded.  The  third  harmonic  of  the  line  current, 
0.15  ampere,  is  fairly  consistent  with  the  measured  nentral  current  and 
with  the  limiting  value  of  third-harmonic  current,  0.16  amperee,  deter- 
mined from  drawing  No,  329.  The  remarkable  feature  is  the  third 
harmonic  observed  in  the  station-side  current,  which  is  practioally  equal 
to  the  line-side  third-harmonic  current  multiplied  by  the  ratio  of 
transformation.  That  is,  it  acts  as  if  transformed.  This  is  quite  con- 
trary to  expectation,  the  station-aide  neutral  being  isolated.  It  does  not 
appear  probable  that  the  inequality  of  the  transformers  is  such  as  to  be 
responsible  for  so  large  a  third  harmonic  on  the  station-side.  The 
validity  of  the  measurement  by  this  oseiilogram  is  therefore  ■questioned. 

In  comparing  the  neutral  currents  as  given  in  Tables  IX  and  X, 
account  must  be  taken  of  the  impedance  of  the  measuring  drcnit  to 
neutral  current. 

Drawing  No.  334  shows  the  third-harmonia  components  of  the  neutral 
current  for  the  two  cases  where  the  neutral  at  San  Fernando  was 
grounded.  It  will  be  noted  that  the  condition  of  the  Somls  neutral 
had  very  little  effect.  It  is  not  possible  to  directly  cmnpare  the  values 
for  the  highest  volt^e  employed  owing  to  the  large  unbalance,  discussed 
above,  in  the  ease  when  the  Somis  neutral  was  isolated.  In  this  case 
the  third-harm  on  ie  nentral  current  is  the  result  of  unequally  excited 
transformers.  In  the  other  two  observations,  where  the  transformer 
voltages  were  approximately  balanced,  the  neutral  current,  with  the 
Somis  neutral  isolated,  is  a  little  greater  than  with  the  Somis  neutral 
grounded,  as  should  be  expected  from  the  relative  impedances  in  the 
two  cases  to  the  third  harmonic.  The  ninth-harmonic  neutral  current  is 
shown  for  the  case  with  both  neutrals  grounded.  The  third-harmonic 
neutral  current  begins  to  increase  with  enormous  rapidity  at  about  90% 
of  normal  voltage,  increasing  thereafter  approximately  as  the  tenth 
power  of  the  voltage. 

The  third  and  ninth  harmonies  of  tlie  neutral  voltage  are  given  for 
the  ease  with  the  San  Fernando  neutral  isolated.  Apparently,  the 
third-harmonic  induced  voltage  increases  almost  iu  direct  proportion  to 
the  fundamental  induced  voltage.  The  ointh-hannonic  neutral  voltage 
behaves  more  after  the  fashion  of  the  third-harmonic  neutral  current, 
as  observed  in  the  other  two  eases. 

tV.  DifidusuHi  of  Experimental  BesnltB. 

A  more  complete  discussion  of  several  features  of  the  experimental 
work  is  given  in  Section  III,  but  there  are  some  points  which  may  be 
appropriately  considered  here.  , 
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The  excitation  eharacteriaties  of  the  three  transformers  are  quite 
unlike,  as  shown  by  the  differences  of  the  exciting  currents  given  in 
Table  III. 

The  exciting  current  was  S  to  4  per  cent  of  full  load  current  at  nonnal 
voltage  and  increased  about  as  the  tenth  power  of  the  voltage.  At  110% 
normal  voltage  the  exciting  current  was  7  to  10  per  cent,  reaching  10% 
for  the  three  transformers  at  voltages  from  110  to  114  per  cent  normai. 

The  neutral  current  was  predominantly  third  harmonic  and  increased 
about  as  the  tenth  power  of  the  voltage  at  normal  and  higher  volt««es. 

The  residual  voltage  at  the  San  Fernando  end  of  the  line  wag  directly 
proportional  to  the  neutral  current,  when  the  Somis  neutral  was  isolated- 
With  the  San  Fernando  test-bank  m  delta-Y  it  varied  from  2  to  140 
volts  for  the  third  harmonic  as  the  voltage  varied  from  31  to  125  per 
cent  of  normal. 

With  the  test  bank  in  Y-T  the  third-harmonic  residual  voltage  was 
much  greater,  varying  from  70  to  1700  volts,  as  the  fundamental  volt- 
age varied  from  60  to  110  per  cent  normal,  and  reaching  3200  volta  for 
the  unbalanced  condition  at  a  nominal  impressed  voltage  of  111%  of 
normal. 

The  delta  residual  current  was  little  affected  either  by  the  presebee 

of  the  transmission  line  or  condition  of  neutrals  at  San  Fernando  and 

Somis.     As  an  example,  consider  the  case  of  both  neutrals  grounded, 

109%  normal  voltage.     The  third-harmonic  ampere-turns  are  divided 

between  the  line  and  station^ide  windings  of  each  transformer  in  the 

ratio   of   !«   to   Dr.   multiplied   by   the  transformer   ratio.     That   ia, 

0  022         14250 
„,  „  X    -  -.fiA    X   100  =  6.6'7r.  the  ratio  of  line-side  third-harmonic 

£1.0  i£ij 

ampere-tunis  to  those  of  the  station-side.  The  time-phases  are  not 
identical.  So  the  elimination  of  the  line-side  path  can  only  have  an 
effect  amounting  to  a  few  per  cent. 

From  Table  X,  for  110%  normal  voltage,  Y-Y  connection,  both  neu- 
trals grounded,  the  third-harmonic  neutral  current  is  0.30  ampere,  cor- 
responding to  19.5  amperes  of  delta  residual  current. 

It  was  observed  in  the  delta-Y  test  that  Isolating  the  far  end  neutral 
of  the  line  increased  the  ninth-harmonic  neutral  current,  this  effect 
being  in  accord  with  the  chiinge  of  impedance. 

The  values  of  third-harmonic  ampere-turns  observed  in  the  trans- 
former bank  agree  well  in  all  cases  with  the  values  obtained  by  calcnla- 
tion  from  the  single-phase  exciting-current  curves  of  drawing  No.  329. 
This  is  true  even  under  the  greatly  unbalanced  condition  encountered 
with  the  Y-Y  connection.  It  has  not  been  found  possible  to  closely  deter- 
mine the  division  of  the  third-harmonic  current  between  delta  and  Y 
windings,  when  the  transformers  are  in  delta-Y.  This  nutter  is  dis- 
cussed in  Section  11.  ( "not"*!  '• 
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THEOKETICAI. 
L  Scope. 

One  of  the  aims  of  the  present  investigation  has  been  to  determine  the 
extent  to  which  it  is  possible  to  predict  the  triple-harmonie  residuals 
•arising  from  given  transformers  and  line  connections,  "With  this  in  view 
the  available  literature  has  been  examined,  and  some  studies  made, 
particularly  from  the  basis  of  the  design  data  of  the  test-bank  of  trans- 
formers, fiiTBished  by  the  manufacturer. 

n.  BesDlte  of  Studies. 

A — PRBDETBEMINATION  OP  MaONBTIZINO  CURRENT. 

The  relation  between  magnetomotive  force  and  magnetic  induction  in 
magnetic  circuits  containing  iron  as  expressed  by  the  hysteresis  loop, 
has  long  been  iaiown.  With  the  induction  varying  harmonically,  the 
current  or  m.  m.  f.  wave  can  be  separated  into  two  components,  (1)  in 
opposite  phase  with  the  induced  voltage,  representing  enei^y  expended ; 
(2)  in  quadrature  with  the  induced  voltage,  being  the  magnetizing  cur- 
rent, representing  energy  alternately  stored  in  the  magnetic  field  and 
returned  to  the  electric  circuit.  The  enei^y  component  is  simple  bar-  ' 
monic.  The  magnetizing  current  becomes  greatly  distorted  as  the 
magnetization  of  the  iron  approaches  the  saturation  value.  Due  to  the 
large  increase  of  magnetomotive  force  required  to  canse  a  small  increase 
of  magnetization  at  maximum  magnetic  density,  the  component  har- 
monic currents  occur  in  such  phase  as  to  produce  a  sharp  peak  in  the 
current  wave,  corresponding  to  the  tip  of  the  hysteresis  loop.  The 
present  study  is  concerned  with  tile  magnetizing  current  only.  The 
energy  current  and  the  magnetizing  current  combine  to  give  the  excitii^ 
current  measured,  but  as  stated  above,  the  contribution  of  the  energy 
current  is  only  to  the  fundamental-frequency  component. 

The  basic  information  usually  available  for  the  iron  of  a  given  bank 
of  transformers  is  the  magnetization  curve.  Hysteresis  loops  are  rarely 
available.  The  magnetization  curve  is  the  locus  of  the  tips  of  the 
hysteresis 'loops  as  the  maximum  magnetic  induction  is  varied.  For  the 
purpose  of  predetermination  of  harmonics  in  magnetizing  current,  the 
median  line  of  the  hysteresis  loop  is  more  accurate  (that  is,  a  line  deter- 
mined by  the  average  value  of  m.  m.  f.  for  given  magnetization  on  the 
"increasing"  and  "decreasing"  sides  of  the  loop).  However,  at  high 
magnetization  the  maximum  m,  m.  f.  is  very  large  compared  to  the 
1  width  of  the  loop,  parallel  to  the  ni.  m.  f.  axis,  so  the  mag- 
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uetization  curve  Can  be  subatitnted  for  the  median  line,  with  small 
error. 

A  magnetization  curve  for  the  sheet  steel  used  in  the  test-trajiafonners 
was  secured  and  ma^etizing-current  curves  constructed  for  50,  75,  100, 
110,  125,  135  and  150  per  cent  of  the  normal  magnetic  density  used  in 
the  transformer  design.  It  was  assumed  that  the  induced  voltage,  and 
hence  the  magnetic  flux,  varied  harmonically.  Account  wa«  taken  of  the 
different  densities  used  in  the  legs  and  yokes  of  the  core.  The  joints  in 
the  iron  magnetic  circuit  slightTy  increase  the  fundamental  component 
of  the  exciting  current,  hut  do  not  affect  the  higher  harmonicfl.  The 
effect  of  the  flux  in  the  air-space  between  the  iron  core  and  the  surround- 
ing coils  is  small,  and  the  higher  harmonic  fluxes  therefrom  negligible. 

Table  XIII  gives  the  computed  effective  values  of  the  various  har- 
monics of  the  magnetizing  current.  The  harmonics  of  each  wave  are  in 
such  relation  that  maxima  of  all  harmonics  coincide  at  the  maximum 
of  the  fundamental  wave.  The  values  are  in  amperes  for  the  220-volt 
winding.  They  are  directly  comparable  with  the  measured  values  shown 
on  drawing  No.  329,  except  that  the  latter  include  the  energy  current 
required  to  supply  the  losses.  At  normal  voltage  the  iron  loss  is  300 
watts,  requiring  1,4  amperes  in  the  220-volt  winding,  so  the  exciting 
current  contains  a  fundamental  component  of  -^5.V  +  1.4' =  5.9  am- 
peres. Since  the  magnetizing  current  increases  very  much  more  rapidly 
than  the  energy  current  the  effect  is  small  throughout  the  range. 


On  drawing  No.  343,  are  shown  for  comparison  the  values  of  funda- 
mental, third,  and  fifth  harmonies  from  Table  XIII  and  the  correspond- 
ing values  of  exciting  current  from  Table  III.  The  agreement  is  quite 
good,  particularly  above  normal  voltage.  At  low  voltages  the  error  due 
to  using  the  magnetization  curve  is  large.  For  example,  the  magnetiza- 
tion curve  analysis  indicates  that  at  70%  normal  voltage  the  third- 
harmonic  current  is  zero,  but  this  does  not  occur  in  practice.  The 
reversal  of  sign  of  the  computed  third  harmonic  is  due  to  the  reversal 
of  curvature  which  occurs  in  the  magnetization  curve,  but  not  in  the 
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medi&n  line  of  the  eDer^  loop.  The  high  harmonics  are  bo  small  com- 
pared to  the  fondameDtal  that  tbeir  values  are  not  accurately  deter* 
mined  by  this  method,  with  the  data  aTailable. 

The  wave-forms  of  magnetizing  current  whose  analyses  are  in  Table 
Xm  are  also  given  on  drawing  No,  343,  It  will  be  noted  that  as  the 
voltage  is  increased  the  wave-shape  becomes  approximately  constant. 
This  fact  was  observed  and  reported  in  some  recent  English  papers,*  in 
which  it  ia  shown  that  at  high  densities  the  magnetization  curve  of  iron 
can  be  represented  by  the  equation 

H=kB"'  (2) 

For  example,  above  H  =  10  gilberts  per  cm.,  B  ==  14000  gansses, 
the  B  —  H  cnrve  of  a  sample  of  "Stalloy"  is 
B  =  10900  H"» 

The  magnetization  curve  for  the  iron  of  the  present  tests  was  ana- 
lyzed and  it  was  found  that  it  can  be  fairjy  well  represented  by 

B  =  11100  H""~  (3) 

or 

"=[moo"] 

above  H  =  6,  B  =  13000.  Such  an  espression  for  the  relationship  of  B 
and  H  admits  of  determining  mathematically  the  magnetizing-cnrrent 
wave-shape,  with  a  given  induced-voltage  wave.  For  example,  let  the 
induced  voltage  be  simple  harmonic,  then  the  dux  wave  is  also  simple 
harmonic.    Hence 

B  =  B,  sin  I  (4) 

The  magnetizii^  current  is  proportional  to  H,  so  if 

H=kjB»  (5) 

I=:k,sin"x  (6) 

This  last  equation  is  readily  expanded  into  a  series 

1  =  1,  (sin  X  4- ftj  sin  3x -f  aj  sin  5x -1-  .  ,  ,  )  (7) 

If,  on  the  other  hand,  the  magnetizing  current,  and  thus  H,  is  simple 
harmonic 

B=k3Bin"x  (8) 

B^B,  (sin  X  +  a%  sin  3s  +  a's  sin  5x  +  .  ,  .  .)  (9) 

and 

E,  =  E„  (sinx-|-3a',sin3x  +  5a'5sin5x+  ,  .  ,  .)      (10) 
For  m  =  10,  with  simple  harmonic  flux,  (7)  becomes 

1  =  1,  (bid  X  — -  0.69  an  8x  +  0.32  sin  5x  —  0.10  sin  7x  -f- 

0.016sin9x+  .  .  .  ,  ~3.710-»sinl5x)t  (11) 

If  m  =  9,  the  coefficient  for  the  third  harmonic  of  magnetizing 
current  is  rednced  to  0.67,  and  that  for  the  ninth  harmonic,  to  0.008, 
being  reductions  of  8%  and  50%,  respectively.    At  m  =  1,  obvi- 
ously all  the  higher  harmonica  vanish. 
'Blblioxraphy.  No«.  13  and  U.  ^  t( 'tlQIC 

tThere  are,  ol  coune,  addltlona)  smaller  terms  of  (requencle*  higher  than  the 
lUleeDth  harmoDlc, 


It  is  of  interest  to  compare  the  coefficiente  lor  magnetizuig  current 
giver*  above  with  the  obaerved  values  given  in  Section  I. 


In  making:  such  comparison,  it  is  to  be  remembered  that  in  practice 
the  iuduced  voltage  is  not  simple  harmonic,  and  that  the  value  10  for 
m  is  only  approximate. 

For  m  ==  10,  and  simple  harmonic  magnetizing  current,  (10)  becomes 

E,  =  E,,  (Bin,x  4-  0.84  sin  3x  4-  0.80  sin 5i  -«-  0.70 sin  7s  + 

0.63sin9s-l- +  0.27  sin  15x)t  (12) 

From  drawings  330  and  334,  the  observed  ratio  of  third  harmonic  -to 
fundamental  induced  voltage  averages  50%  for  90  to  110  per  cent 
normal  fundamental  voltage.  „The  ninth  harmonic  is  about  10%.  The 
value  ot  third  hannonic  under  these  conditions  (Y-Y  eonneetion  mth 
isolated  neutrals)  is  oonfirmed  by  other  tests.* 

These  figures  are  much  less  than  obtained  from  equation  (12.).  Birect 
comparison  is  not  possible,  however.  The  magnetizing  eurr^it,  in  the 
Y-Y  tests,  was  not  simple  harmonic,  aa  is  assumed  in  ,(12),  since  only 
the  triple-harmonic  components  aca  suppressed  by  the  connection  used. 
There  was,  of  course,  *  slight,  triple-harmonie  current  thrpughrthe 
measuring  transformer. 

It  is  to  be  remembered  that,  the  exponent  m,  in  order  to  represent 
the  observed  values,  must  vary  from  1  at  very  low  density  to  about  10 
at  densities  above  normal.        , 

.  The  deterni^iiation  of  the  relationship  of  magneti^ng  current  and 
induced  voltage  from  the  magnetization  curve  has  not  been  undertaken 
in  this  study  for  the  cases  of  simple-harmonic  magnetizing  current  and 
for  magnetizing  current  with  triple  harmonics  suppressed.  In  the  latter 
case,  the  fact  observed  experimentally  and  shown  on  drawings  356  and 
357  is  of  interest.  That  is,  the  flux  and  current  waves  do  not  follow 
the  simple  enei^y  loop  as  in  the  single-phase  ease  with  simple  hannonic 
flux,  but  there  is  a  "dimple"  in  the  flux  wave,  causing  a  secondary  loop 
within  the  main  energ}-  loop  and  causing  the  voltage  wave  to  cross  the 
zero-value  three  times  per  half  wave, J     Thus  the  eonunun  "hysteresis" 

■  tThere  are,  ol  course,  additional  amaller  terms  «(,  frequeticl«s  hlsher  than  the 
HI  teen  tt)  tiarmo'nlc. 

*BIbllosTsphy  Nob.  S  »wa  ».     CDWcumIob  1»f  V.  M.  WontMngBt.y 
tBIbUoKraphj',  Nob.  8  and  11  show  ttip  Bam ' 
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loop,  without  secondai?'  loops,  is  not  sufficient  to  determine  the  flux- 
eurrent  relation  at  the  m^netic  dematies  employed. 

In  Steimnetz'  "Aiteraating  Current  Phenomena"  {1908  ed.,  pp.  599 
S.)  is  given  a  treatment  of  one  case  for  simple  hannonie  magnetizing 
current,  and  for  the  case  with  triple  harmonics  sappressed,  using  a 
simple  hysteresis  loop.  The  retmlts  there  given  indicate  the  ratio  of 
third  and  ninth  to  fundamental  induced  voltage  to  be  mncb  lesB  for 
the  latter  of  the  two  eaaeB. 

Another  method  of  attack  which  has  been  considerably  used  in  dealing 
with  circnits  containing  iron  involves  the  linear  relation  between  reluc- 
tivity and  m.  m.  f.  given  by  Kennelly.t    That  is 

H 

^  =  a  +  (TH  (13) 

B 

where  B  is  the  metallic  induction  and  H  is  the  m.  m.  f.  "a"  represents 
the  "magnetic  hardness"  and  -.  the  magnetic  density  at  absolute  sat- 
uration of  the  metal.  The  application  of  this  formula  to  the  present 
problem  is  laborious,  and  inaccurate  at  low  densities.  To  summarize  the 
items  of  principal  importance  with  respect  to  magnetizing  current : 

The  magnetizing-cuTrent  wave  for  simple  harmonic  induced  voltage 
can  be  estimated  from  the  magnetization  curve,  except  for  low 


The  magnetiaatitHi  curve  can  be  represented  at  high  densities  by 
8  parabolic  curve,  hence  the  wave  ^hape  approaches  a  constant 
value,  so  that  all  the  harmonics  vary  in  direct  proportion  to  the 
fondamental  or  ESW  value  of  magnetiaiug  current. 

With  Y-Y  connetetion  and  isol&ted  neutral,  the  Qux-m.  m.  f.  relation 
does  not  follow  the  simple  "hystereais"  loop. 

B — Division  of  Maonetizing  Cubkent  Among  the  Windings  op 
Tbanspobmers. 

The  division  of  the  third-harmonic  magnetizing  currents  between 
station  and  line-side  windings  of  transformers  is  a  matter  of  great  inter- 
est, particularly  in  the  ease  of  delta-Y  banks,  and  Y-Y  banks  with 
auxiliary-  delta-Y  banks. 

The  predetermination  of  such  division  was  undertaken  in  accordance 
with  the  following  theoretical  basis. 

The  harmonic  magnetizing  currents  adjust  themselves  so  that  the 
corresponding  harmonic  fluxes  induce  e.  m.  fs.  sufficient  to  drive  them 
throu^  their  impedances  when  there  are  no  external  e.  m.  fs.  to  inter- 
fere. These  induced  e.  m.  fs.  act  alike  upon  all  windings.  It  is  thus 
possible  to  predict  the  division  of  current  among  the  windings,  if  the 
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impedaaces  are  kDOwn.  Since  leakage  impedances  of  the  transformer 
and  external  impedances  are  involved,  which  are  little  or  not  at  all 
affected  by  the  Jamount  of  cnrrent,  this  division  is  independent  of  the 
actual  induced  voltage. 

The  above  outliued  method  is  general.  It  is  desired  here  to  investi- 
gate the  particular  case  of  the  third  harmonic  in  the  delta-Y  teat-bank, 
aa  used  in  tests  recorded  in  Section  I  of  this  report.  It  was  noted  in 
Section  I  that  the  total  third-harmonic  ampere-turns  observed  in  the 
Y-delta  connection  are  in  agreement  with  the  single-phase  exciting- 
current  observations.  Thns  if  the  relation  between  the  portions  in 
the  two  sides  of  the  transformer  bank  is  determined  the  magnitude  of 
the  neutral  current  can  be  calculated. 

The  supply  transformers,  being  delta  connected,  and  isolated  from 
ground,  provided  a  minimum  of  third  harmonics.  With  the  Somis 
neutral  grounded,  the  transformer  bank  there  was  a  source  of  triple- 
harmonic  residuals,  hut  it  was  in  interconnected- Y-delta  so  as  to  mini- 
mize these.  Of  course,  inequalities  among  the  transformers  of  a  given 
bank  cause  some  third-harmonic  residual,  in  spite  of  such  precantions. 

Assuming  no  triple  harmonics  introduced  except  by  the  test-bank, 
with  station-side  in  delfa  and  line-side  in  grounded-T  the  following 
relations  hold,  for  triple  harmonics. 

Z'l.    Z"i=the    station-side    and    line-side    internal    impedances, 
respectively,  of  one  transformer. 
Zl  s=  impedacce  from  three  line-side  taps  in  parallel  through 

the  line  to  earth. 
Bi  =  induced  third-harmonic  voltage  in  liae-aide  winding  of  one 

transformer, 
a     =s  ratio  of  transformation. 
Db  =  station-side  delta  residual  cnrrent. 
In   =  line-side  neutral  current. 
Dh  Z"t 

Then    Ei  =  a  Z\  =  I.  ( \-  Z^)  (14) 

3  3 

and 

Db        Z"t  -1-  3Zl        a  {3Zi,  +  Z",) 

= = (15) 

I„  aZ',  a'Z't 

The  above  is  for  the  triple  harmonics,  assuming  equal  induced  voltages 
and  impedances  in  the  three  transformers. 

The  short-circuit  impedances  of  a  single  transformer  and  of  the 
throe  test-transformers  connected  Y-dcIta  are  given  on  the  attached 
dra\vings  302  and  304.    Assuming  that  the  leakage  reactance  is  equally 
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divided  between  line-side  and  station-side  windings,  the  values  are,  at 
150  cycles 

Z",  =  a=Z',  =  41  -t-  i  165  ohms 
a  =  "^"Xao  =  64.8 
With  the  far  end  of  the  line  dear 

Zi,  =  60  —  j  1400  ohms 

D,         (210  —  j  4050) 


I.    •         41  -)-  j  165 
With  the  far  end  of  the  line  groimded 

Zi  =  80  -(-  j  160  ohms 

D,         (280,+  j  620) 


-  64.8  . 


■  64.8  =  258 


I.  41  +  j  165 

Prom  drawing  333,  it  will  be  found  that  the  observed  ratios  of 

I. 
are  as  given  in  Table  XIV. 


a  of  Dalta  Bnldual  t 


""""    i 


Thus,  with  the  Somis  aentral  grounded  the  observed  value  is  quite 
constant  and  about  four  times  the  computed  value.  With  the  Somis 
neutral  isolated,  the  ratio  varies  and  agrees  with  the  computed  value 
a*  about  110%  normal  voltage. 

The  assumptions  made  in  the  computations  will  sow  be  considered. 
No  allowance  was  made  for  the  effect  of  the  Somis  bank  in  the  ease 
with  Somis  neutral  grounded.  In  order  to  judge  of  the  importance  of 
this  effect  it  is  of  interest  to  estimate  the  line-side  thirdrharmonic 
induced  e.  m.  t.  of  the  test-bank.  At  110%  normal  voltage  Dr  =  23 
amperes.  If  all  the  leakage  reactance  were  iu  the  station-side  delta  of 
the  tranpfornrers,  the  voltage  to  drive  Dr  in  the  delta  would  be 

23  X =  1.9  volts 

i:.,::.:,7odovL.OOl^lC 


493  INDUCTIVE   INTEBFBBENCE. 

and  the  eorrcBponding  line-side  "residual"  voltage  would  be  120  volts 
or  40  volts  between  the  neutral  point  and  each  line-wire.  The  third- 
harmonic  voltage  due  to  the  Somia  bank  was  between  20  and  30  volts 
under  these  conditions,  so  it  is  evident  that  the  Somis  bank  with  its 
neutral  grounded  has  a  large  effect  on  the  neutral  current.  If  the  third- 
harmonic  residual  voltage  due  to  the  Somia  bank  opposed  that  due  to 
the  test-bank,  the  effect  observed  would  take  place,  that  is,  the  neutral 
current  would  be  smaller  than  indicated  by  the  computation. 

A  very  important  question  conoems  the  relation  between  the  leakage 
reactances  of  the  windings.  In  transformers  having  their  windings 
interlaced  it  is  to  be  expected  that  the  leakage  flux  will  divide  equally 
between  them.  But  with  the  cylindrical  windings  frequently  Used  in 
core-type  transformers,  there  is  a  larger  opportunity  for  difference. 

The  test  transformers  are  of  this  latter  type,  having  four  cylindrical 
coils  on  each  leg  of  the  core.  The  innermost  and  outmost  eoila  com- 
pose the  low-voltage  winding,  while  the  middle  pair  compose  the  high- 
voltage  winding.  An  attempt  was  made  to  estimate  the  relative  leakage 
fluxes  of  the  high  and  low-voltage  windings,  using  an  eztensionof  the 
method  set  forth  in  "The  Magnetic  Circuit,"*  taking  into  account  the 
self  and  mutual  fluxes  of  the  several  coils  in  the  air  space  about  the 
iron  core.  This  could  be  done  only  approximately  owing  to  the  fact  that 
the  inform^ion  concerning  the ,  dimensions  and  the  distribution  of 
insulating  materials  and  copper  in  the  winding  space  is  not  very  exact. 
A  check  on  the  results  was  obtained  by  computing  the  short-circuit 
reactance,  and  comparing  it  with  the  measured  value.  The  computed 
value  was  71%  of  the  value  given  by  drawing  No.  304.  It  is  believed 
that  with  accurate  dimensional  data  the  method  would  give  much  closer 
agreement. 

In  terms  of  the  14250-volt  winding,  the  computed  inductances  for  the 
coils  on  one  leg  of  the  core,  when  multiplied  by  a  correction  factor  of 

ion 

^are:     ■      .-       ■■■ 

L',  Leakage  inductance,     220- volt  coil  ^=0.35  henry. 

L",  Leakage  inductance,  7125- volt  coil  =  0.44  henry, 

M,  Mutual  inductance  in  air  (exclusive  of  iron  core)=0.31  henry.    The 

ratio  of  the  effective  leakage  inductances  is  approximately  ^  „ ^  =  3. 

The  short-eirctiit  inductance  is  L,o  =  L'  +  L"  ■ —  2  M,  so  it  is  accurate 

to  use  ~~-   for  the  leakage  inductance  of  each  winding  only  in  case 

L'  =  L". 

Considering  equation  (15)  if  the  ratio  3  is  correct  the  reactance  com- 
ponent X't,  of  Z\,  is  decreased  while  that  of  Z'\  is  increased  by  ont'- 

•By  V.  Karapetotr,  page  208  ff,  1911  ed. 
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half.    Then  since  dZi,  is  large  compared  to  Z"t  and  the  value  of  2't  is 


Soiiiis  neutral  isolated,  2900  and  for  Somis  neutral  grounded,  530. 

It  is  known  that  the  three  transformers  are  not  identical  with 
respect  to  third  harmonics  as  shown  by  the  differeoees  among  the 
measured  exciting  currents.  It  is  believed  that  the  inequalities  among 
the  three  transformers  are  responsible  for  the  mailed  variation  of  ratio 

-=—  observed  with  Somis  neutral  isolated.    With  the  Y-delta  connection 

of  the  test^bank  the  resultant  third-harmonic  e.  m.  fs.  are  sufficiently 
small  that  the  inequalities  may^  reasonably  be  expected  to  be  of 
importance. 

It  thus  appeairs  that  with  the  methods  here  used  it  is  practicable  to 
determine  only  the  general  order  of  magnitude  of  the  third-harmonic 
neutral  current  and  that  a  .more  extended  ^alysis  would  be  required 
to  reach  an  accurate  result.  Such  a  study  requires  the  consideration 
of  ft  complicated  network  even  for.th«  simide.oase  diacussed  above  land 
the  inclusion  of  the  effects  of  individual  transformers.  In  the-pcactioal 
problem,  moreover,  the  wave-shapo  and  the  inequalitiea  of  ttis  supply 
voltages  must  be  taken  into  account.  Small  variations  in  the  wave- 
shape or  magoitade  of  the  supply '  voltages  «auae  large  changes  in  t^e 
triple- frequency  oomponenta,  hence  these  will  exhibit  large  fluotuatiooa 
under  the  conditions  of  normial  operation  of  power  systems. 

C — ReQUIATION   op    MAGNETIZtNa-CuRBENT   Harmonice. 

In  the  Trans.  A.  I.  E.  E.,  1915,  p.  2175,*  there  is  given  a  methodof 
oalcolation  of  the  regulation  of  harmonies  due  to  variation  of  perme- 
ability in  transformers.  This  method  is  helpful  in  considering  the  effect 
of  crhanges  of  line-impedance  on  the  oetitral  currents  Under  conditions 
such  as  obtained  in  the  tests  reported  herein  and  in  technical  report 
No.  60,  and  the  observed  effects  accord  with  it.  A  brief  •  discussion  is 
therefore  given. 

Each  traiffiformer  is  represented  by  an  H-network  having  the  leakage 
impedance  of  the  two  windings  in  series,  with  a  bridge  impedance 
between  them.  In  series  with  the  bridge  impedance  is  a  fictitious  gene- 
rator whose  voltage  En  is  the  harmonic  e.  m.  f.  present  when  the' current 
of  that  frequency  is  totally  suppressed: 

•Blbllosraphy,  No.  12,  dlscuwlon  by  H.  8.  0>bomc. 
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The  bridge  impedflJice  !N  k  the  ratio  of  Eg  to  the  harmonic  eurrent  !■, 
when  the  transformer  is  short-circuited,  with  respect  to  that  freqaency. 
With  this  network  the  division  of  current  between  the  windings  ia 
determinable,  and  is  in  agreement  with  the  discussion  given  in  "B" 
above.  The  application  of  the  theory  to  delta-T  and  T-Y  banks  is 
given  in  the  reference. 

It  is  evident  that  the  impedance  N  is  of  primary  importance.  With 
transformers  of  given  design  and  quality  of  iron,  the  value  of  N  and 
of  the  leakage  reactances  will  vary  inversely  as  the  kVA.  capacity. 
Thus  with  large  transformer  banks  the  line  impedance  more  nearly 
approaches  N. 

It  has  been  shown  above  that  as  the  magnetic  density  is  increased 
above  about  13000  gausses,  the  harmonics  of  the  magnetizing  current 
for  simple  harmonic  flux  increase  approximately  as  the  tenth  power 
of  the  fundamental  voltage  while  the  voltages  of  frequencies  for  which 
the  magnetizing  currents  are  suppressed,  increase  directly  as  the  funda- 
mental voltage.    Hence  N  decreases  very  rapidly  roughly  according  to 

N  =  CE,'-"'orCE.-»  (16) 

where  m  =  10. 

This  means  that  increasing  voltage  from  100  to  120  per  cent  normal 
decreases  N  by  80%. 

At  lower  densities  where  the  exponent  m  is  less  than  10,  the  rate  of 
decrease  of  N  is  much  smaller,  finally  approaching  0  aa  m  approaches 
imity.  That  is,  N  plotted  against  fundamental  voltage  begins  as  a 
horizontal  line  and  gradually  bends  downward  and  reverses  curvature, 
and  finally  follows  the  law  of  equation  (16). 

Hence,  at  very  high  densities  N  may  become  smaU  compared  to  the 
leakage  and  external  impedances  of  the  transformer  to  magnetizing 
currents,  in  which  case  the  currents  would  increase  directly  as  the  volt- 
age, assuming  that  these  impedances  remain  constant.  This  effect 
accords  with  the  observed  falling  off  of  the  third-harmonio  magnetizing 
current  (see  drawing  No.  329),  but  does  not  admit  of  the  decrease 
shown  for  the  fifth  harmonic.  The  latter,  if  correct,  must  be  accounted 
for  by  the  wave-shape  of  the  supply  containing  a  fifth  harmonic. 

In  the  Trans.  A.  I.  E.  E.,  1314,  p.  779  ff.*  account  ia  given  of  the 
effect  of  condensers  in  modifying  the  third-harmonic  voltage  across 
the  open  comer  of  the  delta  of  a  T-delta  bank  of  transformers.  The 
result  there  stated,  that  increasing  the  capacitance  across  the  open 
corner  of  the  delta  caused  a  lowering  of  the  magnetic  density  at  which 
the  sharp  peak  of  delta-comer  voltage  occurred,  is  in  apparent  eraitra- 
diction  to  the  result  to  be  expected  from  the  theory  under  consideration. 
However,  the  bearing  of  this  theory  on  the  case  reported  in  the  refer- 
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enee  can  not  be  s^tled  without  farther  study  and  more  detailed  inf or- 
mation  concerning  the  tests  there  recorded. 

As  an  example  of  its  application  connder  the  Y-Y  test.  A  valoe  of  N 
for  the  third-harmonic  can  be  obtained,  using  the  Talne  of  E|  from 
drawing  330  (3^0  volts  <hi  7125-volt  winding]  and  Dr  from  drawing 
333  with  San  Femmndo  neutral  isolated.  Then  for  the  14250-¥(dt  line- 
aide  windings,  at  normal  voltage  and  considering  Ihe  three  transfonMts 
in  parallel, 

Ej^eSOO  volts. 
l3=7.5/64.8=fl.ll6  amperes. 
N=60000  ohma. 
N  is  chiefly  inductive  reactance. 

The  station-side  neutral  being  isolated,  it  may  be  assumed  that  the 
only  path  for  the  triple  harmonics  is  through  leakage  impedance  of  the 
line-sides,  and  the  impedance  from  line-wires  to  ground,  in  series  with 
N  and  the  fletitiouB  generator. 
That  is, 

E, 

I,  = (17) 

N  +  Z",  +  Zt. 

Z"c  is  smaller  than  the  probable  error  in  N  and  is  nnaffeeted  by  the 
line  condition.  Zl  is  60  —  j  1400  ohms  or  80  +  J  150  ohms,  depending 
on  whether  Somis  neutral  is  isolated  or  grounded.  It  is  thus  to  be 
expected  that  the  third-harmonic  neutral  current  will  be  greater  with 
Somis  nentral  isolated,  and  less  with  it  grounded,  than  I,.  This  accords 
with  the  observations  aa  shown  on  drawing  334. 

It  is  of  interest  to  consider  the  application  of  the  theory  to  a  typical 
problem.  Consider  the  efiEeet  on  the  third-harmonic  residual  current  in 
a  transtniaBtOD  line,  of  doubling  the  k¥A.  capacity  of  the  transformers 
there,  either  by  doubling  the  size  of  bank  or  using  two  banks  in  parallel. 
Assume  delta-Y  connection,  that  there  are  no  other  sources  of  third. 
harmonic  and  that  the  impedance  of  the  line  is  not  changed.  If 
N  =  IOZl  and  the  leakage  impedance  of  the  delta-winding  is  0.1  Zl, 
doubling  the  kYA.  capacity  increases  the  residual  current  by  approxi- 
mately 10%.  The  effect  will  vary  nearly  as  the  ratio  of  delta  leakage 
impedance  to  the  line  impedance  to  residuals,  assuming  N  lar^e  com- 
pared to  either. 

Now  consider  a  Y-T  bank  with  line-side  neutral  grounded,  the 
other  acsumptions  being  the  same  aa  before.  For  a  given  design  of 
transformers,  N  and  the  leakage  impedance  vary  inversely  as  the  kVA. 
capacity.  The  neutral  current  varies  inversely  as  the  sum  of  N  and 
leakage  and  line  impedances.    As  long  as  N  is  large  compared  to  Zl, 
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the  neutral  current  varies  in  practically  direct  proportion  to  the  kVA. 
capacity. 

It  can  be  stated  for  the  theory  here  under  consideration  that  it  pre- 
sents a  satisfactory  view  of  the  phenomena,  for  cases  where  the  actual 
magnetizing  current  approaches  the  short-circuit  value.  This  includes 
the  deha-Y  and  grounded  Y-Y  cases  commonly  occurring.  For  the 
delta-T  cases  there  is  the  practical  limitation  with  respect  to  inequalities 
of  transformers,  hitherto  discussed.  There  is  also,  no  reason  to  doubt  its 
applicability  to  the  case  where  the  external  impedance  is  large  compared 
to  N,  that  is,  where  the  harmonic  current  In  is  nearly  suppressed. 
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GENERAL  CONCLUSIONS. 

A  brief  summary  of  the  studies  embodied  in  this  report,  which  appear 
to  be  of  most  interest,  follows ; 

1.  With  increasing  aimple-harmoaic  impressed  voltage,  the  higher 
harmonies  of  the  exciting  current  of  a  transformer  increase 
at  first  more  rapidly  than  the  fundamental,  but  for  high 
magnetic  densities  the  wave-shape  becomes  constant.  For 
modem  transformer  iron  the  ultimate  relative  values  of  the 
harmonies  are  about  as  follows: 


I,  =  1.00 

I,  =  0.10 

I,  =  0.65 

I,  -  0.02 

I,  =  0.30 

W  =  1.24 

2.  The  exciting  currents  required  by  like  transformers  for  ^ven 
impressed  voltage  may  vary  widely. 
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3.  For  magoetic  densities  above  13000  gausses,  it  is  possible  to 

derive  quite  accurate  magnetizing-current  values  irom  ordi- 
nary magnetization  curves.  At  the  lower  densities  they  give 
misleading  results. 

4.  The  magnetization  curve'  of  modem  transformer  iron  is  fairly 

well  represented  by  the  expression 

H  =  kB'" 
above  13000  gausses.  At  lower  densities  the  value  of  the 
exponent  to  represent  the  conditions  decreases  gradually  to 
unity.  For  the  range  of  densities  normally  used,  a  given 
reduction  of  the  density  results  in  a  much  greater  reduction 
of  magnetizing  current.  The  extent  of  such  reduction  de- 
creases as  the  density  is  lessened. 

5.  Where  the  triple-harmonic  magnetizing  currents  are  suppressed 

the  magnetization  does  not  follow  the  simple  "hysteresis" 
loop,  bnt  secondary  loops  may  be  formed, 

6.  With  T-delta  and  T-T   banks  the   third-harmonic  magneto- 

motive force  can  be  doaely  predicted  from  the  single-phase 
tests  of  magnetizing  current,  even  under  conditions  of  lai^e 
unbalance. 

7.  A  method  involving  an  H-network  for  use  in  the.  anslyns  of 

magnetizing-current  problems  has  recently  been  published, 
which  is  of  distinct  value  in  oases  where  either  the  harmonic 
current  or  dux  is  nearly  suppressed,  as  in  the  delta-T  and 
grounded  Y-T  banks  commonly  occurring. 
S.  The  proportion  of  triple-harmonic  magnetizing  current  going 
into  the  transmission  lines  is  decreased  roughly  in  propor- 
tion to  decrease  of  the  leakage  impedance  in  the  station-side 
windings  of  delta-T  banks.  Core-type  transformers  with 
cylindrical  coils  are  advantageous  in  this  repect,  having  most 
of  the  leakage  reactance  in  the  high-voltage  coila. 
9.  It  appears  that  the  inequalities  among  transformers  make  it  very 
difiicnit,  if  not  impossible,  to  accurately  calculate  the  division 
of  triple-harmonic  currents  between  the  two  sides  of  a  T- 
delta  bank.  The  action  of  other  transformer  banks  in  the 
network  can  not  be  neglected. 
10,  The  third-harmonic  residual  voltages  and  enrrents  due  to  both 
delta-Y  and  Y-Y  banks  increase  enormously  as  the  magnetic 
density  is  increased,  and  follow  approximately  the  same  law 
as  the  single-phase  magnetizing  current  for  simple  harmonic 
voltage,  that  is, 

where  m  increases  from  1  at  low  density  to  about  10  at 
values  of  B  used  in  present  practice,  and  higher. 
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11.  The  liigher  triple  harmonics  appear  to  exhibit  the  same  general 
characteristics  as  given  for  the  third  harmonic,  but  are  gen- 
erally smaller  in  magnitude. 

Respectfully  submitted. 

(Signed)     Livinoston  P.  Febbis, 
Assistant  Field  Engineer. 
ATiiCRMtans:  DrairiiicB    Nos.   263,   270,    302,   303.   304.   31S.    32S,   329,   330, 
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Apfboted  :  September  IK.  1916. 

(Signed)     R.  W.  Mastick, 

Field  Engineer. 

AmoTZD:  October  11,  1916. 

StTBCOUMTTTEB  ON   TeSTS, 

(Signed)     J.  E.  VfooDBtaooB, 

ChairiDBn. 

Joint  Comhittbei  on  Inductive  iNTgBFiBtNCB, 
(Signed)    Abzhub  F.  Bbiikjb, 
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2.  Tables. 

3.  DiscQBsion. 

B — Effect  of  an  Auxiliary  Batik  in  Redaciag  Residnali  Dae  to  a  Star-Star 
Connected  Bank. 

1.  Description. 

2.  Tablw. 

3.  DiacOBsion. 

V.  DISCUSSION  AND  CONCLUSIONS. 

I.  Introdaotiim. 

Tbe  tests  recorded  in  this  report  were  made  to  study  the  properties 
of  several  dififerent  types  of  star  connection  of  transformer  for  three- 
phase  service,  from  the  standpoint  of  the  triple-harmonic  residual  volt- 
ages and  currents  introduced  in  connected  circuits  by  grounding  the 
neutrals  of  such  banks  of  traBsformers.  The  results  of  these  tests 
should  be  considered  along  with  those  of  the  allied  tests  described  in 
of  the  experimental  investigation  contemplated  under  section  2  of  the 
technical  reports  Nos.  50,  59  and  61,  all  dealing  with  slightly  different 
aspects  of  the  subject  of  triple-harmonic  residuals  and  constitating  p&it 
outline  of  future  work  in  the  Joint  Committee's  report  of  July  7,  1914. 

Rule  Il-g  (2)  of  General  Order  No.  39  prohibits  the  use  in  a  power 
circuit  involved  in  a  parallel,  of  star-connected  transformers  or  auto- 
transformers  with  grounded  neutral  "unless  delta-connected  secondary 
or  tertiary  windings  or  other  equivalent  means  are  used  of  suppressing 
the  third-harmonic  components  of  residual  voltages  and  currents  intro- 
duced by  the  transformers."    In  the  testa  of  this  report  the  effeotive- 
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nesB  of  Tariona  means  of  sappreflsing  tbird-harmoni«  residuals  is  com- 
[>ared  with  that  of  delta-connected  secondary  windings.  These  tests 
are  divided  into  two  parts;  the  first  being  a  ooraparison  with  respect 
to  third-harmonic  residuals  of  various  connections  of  a  transformer 
bank,  all  with  line-side  in  star  and  neutral  grounded ;  and  the  second,  a 
study  of  the  efficacy  of  various  connections  of  a  second  transfonner 
bank,  in  parallel  on  the  line  side  with  a  star-star  connected  bank,  in 
reducing  the  third-harmonic  residuals  due  to  the  latter. 

In  order  that  the  impedance  otfercd  by  the  transmission  line  to 
residual  current  should  be  either  capacitive  or  inductive  as  desired,  a 
bank  of  transformers  in  interconnected  star-delta  was  provided  at  the 
distant  end  of  the  line  with  a  switch  for  isolating  or  grounding  the 
neutral. 

The  simplicity  of  the  system  involved  and  the  ability  to  control  con- 
ditions facilitated  comparisons  of  different  connections  which  would 
have  been  otherwise  more  difficult  or  impossible. 

n.  Description  of  Transfonners  and  TranamisBion  Ijne. 

A— TaANSPCHHESS. 

There  were  used  in  the  testa  four  banks  of  three  transformers  each, 
the  designations  and  ratings  of  which  are  given  in  the  following  table : 

TABLE   I. 


Supply  WestlnshouM  8K  50  87i  IBO0O/n25-MO/lW 

Test  WeatiDKbouBe   SK  30  371  15000/7125— 440/1 W 

AuxIllBTy  General  Electric H  60  50  22000/19800—2400/480 

Somls  WestinKhoHBe  SK  50  IS  15000/7126— 440/nO 


Impedances  to  third-harmonic  current  of  the  type  H  50-kYA.  trans- 
former bank  connected  in  various  ways,  as  indicated,  are  given  in  the 
table  belojv.  The  measurements  were  made  with  the  impedance  bridge 
on  the  22000-volt  side.  The  full  22000-volt  and  2400-volt  windings  were  - 
used  in  each  ease. 

TABLE  II. 
Impadane*  of  Auxiliary  Ta«t    Bank— 60-kVA.   Unit*— To  Third- Harmonic*   Raaldual 


1        ^R^ 

g^ 

s. 

337 
17TO 
ITM 

Tnterconneeted  Star-Star .. 

850 

IBSO 

*UD  crclM  per  aecond. 
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Additional  data  eonceming  the  50-kVA.  tranafonnen&re  given  is 
technical  report  No.  50  and  oonceniing  the  ST^hVA.  transformers,  in 
tedmical  report  No.  59. 

B — Transmission  Link. 

The  transmission  line  involved  in  these  t«sts  ia  the  San  Femando- 
Somis,  37  mile  aingle-cirouit,  three-phase  15-kV.  line  of  the  Pacifift 
Light  and  Power  Corporation.  It  has  been  described  at  length  in  pre- 
vious technical  reports  relating  to  the  San  Fernando  teste,  particularly 
in  technical  report  No.  ■54.  At  the  time  of  the  teste  recorded  in  this 
report  there  were  five  tranapositiaas,  forming  two  barrela,  in  tlie  line. 

The  impedances  of  the  transmission  line  to  regidaal  current  are  given 
on  drawings  Nos,  263  and  270  for  each  condition  of  the  neutral  of  the 
tfansformer  bank  at  the  dbtant  end.  These  drawings  are  attached  to 
tsehnical  report  No.  59. 

m.  Arrangements  for  Tests. 

The  connections  for  the  teste  were  as  shown  on  drawing  No.  219 
which  is  attached  to  this  report.  Energy  was  supplied  from  the  Pacific 
Light  and  Power  Corporation's  15-kV.  system  through  the  "supply 
bank"  which  was  at  all  times  connected  delta^tar,  15000-380  volte.  The 
"test  bank"  (37|-kyA.  iinite)  was  connected  star^tar  and  energized 
<Hi  ite  low-tension  side.  The  high-tension  side  of  this  bank  was  connected 
to  the  transmission  line  and  also  to  the  high-tension  side  of  the  "auxili- 
ary test  bank."     (50-kVA.  units.) 

Potential  and  current  transformers  necessary  for  measuring  the  line 
and  neutral  currents  and  voltages  were  provided  at  San,  Fernando  as 
shown  on  drawing  No.  219.  A  bank  of  transformers  in  interconnected 
star-delta  was  connected  to  the  line  at  the  distant  end,  Somis,  a  switch 
being  provided  for  grounding  or  isolating  the  neutral. 

IV.  Besnlts  of  Tests. 

.  A — Comparison  op  Stab  Tbansfobubb  Connections,  _ 

This  series  of  teste  constitutes  a  comparison  of  various  star  connec- 
tions of  a  transformer  bank  with  respect  to  the  introduction  of  third- 
harmonic  residual  voltages  and  currente  into  the  connected  transmission 
line. 

The  observations  were  made  on  the  auxiliary  test  bank  (50-kVA. 
units)  energized  from  ite  high-tenaion  side  and  with  the  low-tension  side 
supplying  no  load.  This  bank  of  transformers  and  the  line  were  sup- 
plied through  the  bank  of  37^-kYA.  transformers  (test  bank),  the 
neutral  of  which  was  isolated  throughout  this  series  of  teste.    The  hi{^- 
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tension  aide  of  the  auxiliary  test  bank  was  connected  in  star  or  inter- 
connected-star  with  the  neutral  grounded;  the  low-tension  side  was 
connected  in  delta  and  the  equivalent  of  the  star  connection  was  secured 
by  opening  the  delta. 

Oscillograms  and  meter  readings  of  neutral  current  (residual  cur- 
rent of  line)  and  induced  voltage,  and  when  the  low-tension  delta  was 
closed,  of  delta  circulating  current,  were  made  under  each  condition. 
When   the   interconnected   star   was   used,    the  voltage  ratio   of  the 
37i-kVA.  transformers  supplying  the  line  was  changed  so  as  to  impress 
the  same  voltage  per  coil  on  the  50-kTA.  bank  as  in  the  star  connection. 
The  results  are  eummarized  in  the  following  tables.     The  condition 
number  at  the  top  o£  each  column  serves  as  a  brief  identification  of  the 
condition  for  which  the  observations  apply  and  ia  used  in  discussing 
and  comparing  the  results  obtained  under  the  various  conditions.    These 
numbers  are  the  same  as  those  used  in  the  outline  of  the  teats  sub- 
mitted to  the  Chairman  of  the  Subcommittee  on  Testa  in  a  memorandum 
under  date  of  January  19,  1915.    The  following  abbreviations  are  used 
in  the  tables  to  designate  the  various  transformer  connections. 
T-Y— Star-Star. 
T-D— Star-Delta. 
IT-Y— Interconnected  Star-Star. 
lY-D — Interconnected  Star-Delta. 
TABLE  iir. 
Ruldunl  Currtnt—le.OOO-Volt  Line.    (Neutral  Currant  of  50-kVA.  Bank.) 


CaadltlnNo. 

. 

» 

U 

Connection 

Neutral 
Ratio 

T-T 
Isolated 
220-14250 

T-T 
Isolated 
220-14250 

X-T 
iBolatcd 
230-12840 

T-T 

faolated 
230-12840 

1 

::onneetlon 

*eoWal 

Katio 

T-D 
Grounded 

22000-2400 

T-T 
Grounded 

22000-2400 

IT-D 
Grounded 

19000-2400 

IT-T 
Grounded 

19000-2400 

Somis  Keutral 

Grd.  iBol. 

Grd.  iBol. 

Grd.     laol. 

Grd.     Isol. 

£5 

llfl 

3 
5 
9 
E.  8.  W, 

0.082  0.002 
OOll  0.016 

0.002  0.002 

0.005  ojwa 

O.0B5  0A17 

0.005  0.005 
0X68  0.059 

ami  0,002 

0.001  0.001 

aoes  0.059 

ami  0.0047 

OSmt    0.0075 

0.0005       — 
0XM08       - 
OOKl    O.0089 

0.0024      0.0022 
OXKMS      0.0064 

aooi7     — 

O.O055      0.0088 

1          Meter 

0.030  0.019 

0X65  0.059 

O-OOIO*  0.0005* 

0,0006*  0JW19* 

Induced  voltage— tV. 

I6J     1G.1 

IGJ     16.1 

135        13.6 

13.7         13.7 

Oao.  No. 

87013  8n.2 

874      875 

908         909 

910          911 
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TABUS  IV. 
Delta  Clrculatrno  Currant— M-kV A.  Bank. 


c-m,.,.. 

. 

1. 

<  - 

5 

Connect]  on 

Neutral 
Ratio 

Y-Y 
Isolated 
330-14350 

Y-t 
Isolated 
22O-H250 

Y-Y 

Isolated 
220-12340 

i 

8 

Oonoectlon 

Neutral 

Ratio 

T-D 
Isolated 

22000-2400 

T-D 
Grounded 

22000-2400 

lY-D 
Grounded 

19000-2400 

SomiH  Neutral 

Grd.     iBol. 

Grd.     iBol. 

Grd.     iBol. 

If 

4fl 

1 
3 
5 
9 
E.  S.  W. 

am     0.01 

0.17        0.18 

-       om 

017       018 

0.10       0X>1 
ai3       0.16 

0.0J        - 
•0.01        0.02 

0.17     aw 

0.01       om 
0.16      aifl 

0.01        - 
0.16         0.16 

a 

Metei 

0J7        017 

0,18        0.14 

0.12         0J4 

iDduced  voltage— kV. 

ie.i      16.2 

16.1        16.1 

13.5          13.6 

Oflcl 

logra 

jn  Nos. 

8S4         SB5 

870i8     871.2 

9W        900 

Grd.  —  Grounded,  lioL  =^  Isolated. 

The  residual  current  corresponding  to  each  couDeetlon  of  the  SO-tVA. 
auxiliary  test  bank  is  plotted  on  drawing  No.  317,  attached.  The  maxi- 
mum residual  current  is  obtained  with  the  atar-star  connection  (con- 
dition 6),  and  the  third-harmonic  residual  current  is  approximately 
2.6%  of  fuU  load  current  of  the  bank.  The  residual  current  is  nearly 
the  same  whether  or  not  the  neutral  is  grounded  at  Somis,  it  being 
slightly  greater  when  isolated.  The  impedance*  o£  the  transformer  bank 
is  inductive  and  large  compared  to  the  impedance  of  the  line  whether 
or  not  the  neutral  is  grounded  at  Somis.  The  impedance  of  the  trans- 
mission line  is  capacitive  when  the  neutral  is  isolated  at  Somia,  and 
inductive  when  the  neutral  is  grounded,  hence  the  resultant  impedance 
to  third-harmonic  residual  current  is  less  when  the  neutral  at  Somis  is 

•In  dfscuBSlng  the  reaction  of  the  harmonic  ourrents.  In  ttia  tranotormer  bank  In 
whloh  they  arise,  it  la  Bometlmcs  convenlant  to  represent  the  tranBformer  by  an 
eQulvalent  H  network.  The  aerlea  branchen  of  this  network  are  the  primary  and 
■econdary  leakaKS  Impedancea  and  the  bridge  te  the  mutual  Impedance.  To  comput* 
the  behavior  of  any  harmonic  component.  It  may  be  awumed  to  arise  from  a  flctltloua 
Knerator  In  series  with  the  bridge  Impedance.  The  voltage  B  of  this  flctltloua 
generator  Is  the  component  of  this  frequency  In  the  terminal  voltage  of  the  trana- 
former  when  the  corresponding  component  In  the  magnetlclng  current  Is  totally  sup- 
pressed. The  muCua)  Impedance  In  series  with  this  generator  Is  the  ratio  of  th*. 
voltage  E  to  current  I  of  tbe  same  frequency  which  would  exist  In  the  magnattihiK 

11  Impedance  were  negligible. 

icuBslona  In  thla  report  this  method  of  treatment  la  foUowad. 
I.  Oabome  on  "Harmonics  In  Transformer  UagneUilns  Cur- 
■         ■    -■    -BIE,  page  ZITB;  and  T.  S.  No.  SB.) 
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isolated  them  when  it  is  grounded.  Coimeeting  the  secondary  in  delta 
(condition  3)  reduces  the  third-harmonic  reeidaal  current  74%  when 
the  neutral  is  isolated  at  Somis  and  80%  when  the  neutral  is  gronnded. 
A  still  greater  reduction  is  produced  by  using  the  interconnected  star- 
delta  (condition  10)  or  the  interconnected  star-star  (condition  11) 
eonnectiona. 

When  the  Somis  neutral  is  isolated  the  residual  voltage  ia  proportional 
to  the  residual  current  and  line  impedance.  "With  the  Somis  neutral 
grounded  the  third-harmonic  voltage  due  to  the  Somis  bank  ia  o£  the 
same  order  of  magnitude  as  that  due  to  the  transformer  bank  at  San 
Fernando  and  the  residual  voltage  is  not,  therefore,  proportional  to  the 
residual  current.  The  phase  relationship  between  the  two  voltages  was 
not  determined,  hence  the  residual  voltage  at  San  Fernando  is  inde- 
terminate. 

The  voltage  induced  in  the  windings  is  approximately  12  per  cent 
less  than  normal  voltage  (50-cycle  rating)  for  the  transformers,  hence 
the  triple  harmonies  are  less  than  if  the  induced  voltage  were  normal. 
The  ninth-harmonic  current  is  too  small  at  this  density  to  determine  the 
effect  thereon  of  the  various  types  of  connection. 

B — Effect  op  Auxiuaby  Bank  in  Beducinq  Bseujuals  Due  to 
Stab-Stae  Bank, 

This  series  of  tests  was  made  to  determine  the  relative  effectiveness 
of  various  connections  of  an  auziliai^  transformer  bank,  for  reducing 
the  third-haimonic  residuals  due  to  a  star-star  transformer  bank  con- 
uected  in  parallel  therewith  on  the  line  side.  The  following  connections 
of  the  auxiliarj-  bank  were  used;  Star-delta,  interconnected  star-delta, 
and  interconnected  star-star.  With  the  auxiliary  bank  in  star-delta 
the  effect  of  varying  the  delta  impedance  by  introducing  resistance  in 
the  external  delta  circuit  was  determined.  Drawing  No,  219  shows  the 
diagram  of  connections  for  these  tests. 

Oscillograms  and  meter  readings  were  made,  under  each  condition, 
of  the  currents  in  the  neutral  of  each  bank  and  in  the  common  neutral, 
of  induced  voltage  and  of  delta  circulating  current  of  the  auxiliary 
bank.  With  the  auxiliary  bank  in  star-delta  and  the  neutrals  of  both 
hanks  isolated,  the  nentral  voltages  were  measured ;  also  the  current  in 
and  voltage  to  ground  of  the  common  neutral  when  the  two  neutrals 
were  JDterconnected  without  being  grounded.  The  results  of  the  meas- 
urements are  given  in  the  following  tables: 
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TABLE  IX. 
Nautral  Voltaga*. 

ari-kVA.  tank 

H-kVA.  buk 

Com>>»»gtnl 

Ms. 

, 

I 

. 

> 

OonnectloQ 

Neutral 



T-T 
Isolated 
220-14250 

T-T 

IflOlBted 
230-14250 

T-T 

1 

5 

■i 

Ooniiectioii. 

Neutral 

T-D 
Isolated 

0 
23000-2400 

T-D 
Isolated 

0 
22000-2400 

T-D 

0 

Sob 

Qrd.     iBol. 

Grd.      Isol. 

! 
1 

300 
9300 

500 
2300 
1000 

woo 

6.5 
3.5 
6.0 

105 
7.9 

17.2 

11 
22 

a 

17 
30 

7 
129 
17 
24 
4 
133 

3   

6 

9   

15   

..— B600 

300 

1900 

600 

144 
IS 
27 

4 

M 

ter - — 

9700 

9740 

18 

26 

131 

148 

Induced  Toltage-kV 

- Ill 

JOS 

16.1 

16.2 

16.1 

- 

BSS 

884 

8B6 

882 

=  BKternaJ  resUUliice  li 


During  thia  entire  seriee  of  tests  the  37J-kVA.  test  bank  was  operated 
at  approximately  12  per  cent  above  normal  voltage  and  the  50-kVA. 
auxiliary  bank  at  approximately  12  per  cent  below  ntMnnal  voltage 
(50  cycle  basis).  Hence,  the  third  harmonic  introduced  by  the  aux- 
iliary bank  is  small  compared  to  that  introduced  by  the  test  bank.  This 
is  further  borne  out  by  a  comparison  of  the  neutral  voltages  to  groiind 
of  the  neutral  of  the  auxiliary  bank  ecamected  delta-star  and  of  the 
common  neutral  when  the  neutrals  of  the  two  banks  are  interconnected 
(see  Table  IX). 

On  drawing  No.  332  the  three  neutral  currents,  the  delta  circulating 
current  and  the  impedance  of  the  auxiliary  bank  for  the  third  hannonic, 
are  plotted  for  each  connection  of  the  auxiliary  bank;  also,  for  com- 
parison, the  neutral  current  of  the  ST^-kVA.  bank  when  the  neutral  of 
the  auxiliary  bank  was  isolated.  On  drawing  No.  318  the  third- 
harmonic  residual  currents,  and  voltages  as  obtained  from  the  residual 
current  and  line  impedance,  are  plotted  for  each  connection  of  the 
auxiliary  bank  and  also  for  the  condition  when  the  37i-kVA.  bank  is 
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connected  in  delta-star  without  the  anzUiary  bank.  The  data  lor  the 
latter  are  obtained  from  tecbnieal  report  No.  59.  The  effeetivenew  of 
the  aaziliary  bank  in  redoeing  reaidnal  voltages  sad  currenta  due  to 
the  star-star  bank  ia  thus  compsred  to  that  of  changing  the  tow-tension 
conneetioiu  to  delta. 

The  third-harmonic  residual  currrait  observed  when  the  neutral  of 
the  main  8tar-«tar  bank  is  groooded,  the  neutrak  c^  the  auxiliary  bank 
and  of  the  Somis  bank  being  istdated,  does  not  agree  with  the  valne  to 
be  expected  from  a  consideration  of  the  line  and  transformer  imped- 
anees.  The  impedance  of  the  transmission  line,  whether  the  neutral  at 
the  distant  end  is  isolated  or  grounded,  is  small  compared  to  the 
irapedanee  of  the  test  bank,  and  hence  the  third-harmonic  residual 
current  should  be  little  affected  by  the  condition  of  the  Somis  neutral. 
On  the  eontrsry,  the  third-harmonic  neutral  current  measured  with  the. 
Somis  neutral  isolated,  is  nearly  three  times  the  value  measured  with  the 
Semis  uetitral  grounded.  This  greatly  increased  third-harmonic  residual 
current  is  due  to  an  unbalanced  condition  of  the  fundamental  induced 
voltages  in  the  three  transformers.  There»are  four  possible  conditions 
of  adjustment  of  the  line  voltages  and  currents  with  this  connection, 
one  in  which  the  voltages  and  cunroitA  of  fundamental  frequency  are 
balanced,  and  three  others  in  which  any  two  of  the  line  voltages  and 
currents  are  high,  the  third  being  low.  With  the  unbalanced  conditions 
a  large  residual  voltage  of  fundamental  frequency  exists  opposite  iu 
phaae  to  the  lowest  line  voltage.  The  residual  current  also  contains  a 
large  component  of  fundamental  frequency.  By  oscillogram  No.  919,. 
the  voltages  to  ground  of  the  three  transformers  were  13.8,  17.9  and 
17.9  kV.  From  the  exciting  current  curves  (see  drawing  No.  329, 
T.  R.  No.  59),  assuming  that  the  third-harmonic  currents  of  the  three 
transformers  of  the  bank  are  in  phase,  the  third-harmonic  residual 
current  under  this  condition  should  be  approximately  0.8S  amperes. 
An  average  value  of  0.90  amperes  was  observed,  which  is  that  given  on 
drawing  No.  318. 

With  the  neutral  isolated  at  Somis,  one  oscillogram  (No.  917)  was 
obtained  in  which  the  voltages  of  the  three  transformers  are  evidently 
balanced.  The  third-harmonic  neutral  current  shown  by  this  oecillo- 
gratn  is  0.34  amperes  and  is  quite  closely  equal  to  the  values  obtained 
when  the  Somis  neutral  is  gronnded. 

Comparing  the  residual  current  due  to  the  combination  of  the 
37J-kVA.  bank  connected  star-«tar  and  the  auxiliary  bank  connected 
star-delta,  with  the  residual  current  due  to  the  37i-kVA,  bank  alone 
when  connected  delta-star  at  the  same  voltages  per  coil  as  in  the  former 
case,  the  relative  magnitudes  are  10  and  1  when  the  Somis  neutral  is 
grounded,  and  9  and  1  when  it  is  isolated.  Since  the  impedance  of  the 
star-delta  auxiliarj-  bank  to  third-harmonic  current  is  much  greatertjlc 
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than  the  impedance  of  the  low-tension  delta  of  the  teat  bank,  it  is  to  be 
expected  that  the  latter  should  be  the  more  effective  in  minimizing  the 
third-harmoQic  residual  cnrrent.  These  impedknees  are  48  -)-  j  337, 
ohms  and  14  +  j  55  ohma.  reapectiveiy  (in  terms  of  the  line-side  wind- 
ings and  assuming  that  the  total  leakage  impedance  of  the  test  bank  is 
equally  divided  between  the  two  sides). 

For  all  methods  of  connection  the  impedance  of  the  auxiliaiy  bank  is 
greater  than  that  of  the  line  with  neutral  grounded  at  Sotnis,  and  hence 
the  third-harmonic  residual  eurrent  is  greater  than  the  carrent  in  the 
neutral  of  the  auxiliary  bank.  With  the  auxiliary  bank  in  intercon- 
nected star-delta  or  interconnected  star-star,  its  impedance  is  greater 
t^an  that  of  the  trammisaion  line  with  the  Somia  neutral  isolated; 
henue,  the  third-harmonic  residual  current  is  greater  than  the  current 
in -the  neutral  of  the  auxiliary  bank.  With  this  bank  in  star-delta, 
however,  its  impedance  is  less  than  that  of  the  line  with  the  Somia 
neutral  isolated,  and  the  third-harmonic  residual  cnrrent  is  leas  than 
the  current  in  the  neutral  of  this  bank. 

The  interconnected  star-dtlta  and  interconnected  star-star  arrange- 
ments of  the  auxiliary  bank  are  about  equally  effective  in  redueing  the 
residual  current  introduced  by  the  star-star  bank.  Neither  is  as  efCectiTe 
as  the  star-delta  connection  of  the  auxiliary  bank. 

The  effect  of  external  impedance  in  the  delta  circuit  of  the  auxiliary 
bank  (conditions  7a  and  7b)  is  to  increase  the  impedance  of  the  bank  to 
third-harmonic  current  introduced  by  the  star-star  bank.  The  delta 
and  neutral  currents  of  the  auxiliary  bank  are  decrea^d  and  the  residnel 
current  of  the  line  increased  as  compared  to  the  values  when  the  delta  is 
closed  through  a  negligible  external  resistance. 

Condition  5  (neutrals  of  star-star  bank  and  star-delta  auxiliary  bank 
interconnected  and  isolated)  shows  the  interaction  of  the  two  banks 
with  respect  to  third-harmonic  residuals  without  modification  by  the 
line  reactions.  Compared  with  condition  4,  which  differs  only  by  the 
grounding  of  the  common  neutral,  the  effect  of  such  grounding  upon 
the  neutral  current  of  the  star-star  bank  is  small,  decreasing  it  when 
the  Somis  neutral  is  isolated  and  increasing  it  when  the  Somis  neutral 
is  grounded.  Grounding  itie  common  neutral  at  San  Fernando  alters 
the  total  impedance  to  third-harmonic  cnrrent  frwn  the  star-sta*  bank 
but  slightly,  irrespective  of  the  condition  of  the  Somis  neutral ;  hence 
the  neutral  eurrent  of  this  bank  is  only  slightly  changed.  When  the 
Somis  neutral  is  isolated  the  neutral  current  of  the  auxiliary  bank  is 
greater  with  the  common  neutral  at  San  Fernando  grounded  than  with 
it  isolated.  The  line  impedance  is  capacitive  and  when  paralleled  with 
the  inductive  impedance  of  the  anxiliary  bank  the  resultant  impedance 
is  increased.  Sin<;e  the  resultant  current  (neutral  current  of  37i-kVA. 
bank)  is  but  slightly  altered,  the  neutral  cnrrent  of  the  auxiliary  bank 
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is  inereaaed.    When  the  Somia  neutral  is  ^M^unded  the  opposite  «flect  is 
noted  since  the  line  intpedaoee  is  inductive. 

Xn  Table  IX  are  giyen  valnes  by  meter  and  oscillograph  of  Toltagea 
from  neatrals  to  groond  of  the  starrStar  bank  (37^  kVA.)  and  star- 
delta  auxiliary  bank  (50  kVA.)>  and  also,  the  vintage  to  ground  ot  the 
common  nentral  when  the  nfiutrols  of  the  two  banks  are  interconneeted. 
Flrom  the  two  readings  of  third-harmonic  voltage  from^  the  auxiliary 
bank  neutral  to  ground,  with  the  Somis  neutral  isolated  and  with  it 
grounded,  the  third-hannonic  voltage  due  to  the  Somis  transformer  bank 
is  approximately  20  volts  and  in  oppoKitioa  to  the  tbird-harmonJc  volt- 
ages of  the  transformer  banks  at  San  Fernando. 

V.  Discussion  and  Conclnsions. 

Of  the  four  methods  tested  for  the  connection  of  a  bank  of  trans- 
formers with  neutral  grounded  on  the  line  side  (aeie  drawing  No,  317) 
the  interconnected  star-delta  arrangement  gives  rise  to  the  least  amoujat 
of  third-barmonie  residual  current.  The  results  given  in  technical 
tepoit  Xo.  50  were  inconsistent  in  this  regard  and  further  work  was 
suggested  in  order  to  make  the  comparisons  definite.  The  results  of  the 
tests  reported  herein  are  conclusive  and  they  are  in  accord  with  theoretl- 
eal  considerations.  The  delta  oomiection  on  the  station  sides  provides  a 
path  for  the  third-harmonic  current  and  hence  the  corresponding  har- 
monic is  nearly  eliminated  from  the  flux  and  induced-voltage  waves. 
The  third-harmonic  v<dtage  which  remains  is  sufSeieut  only  to  drive  the 
third  harmonic  current  through  the  impedance  of  the  delta  circuit. 
When  the  line-aide  windings  are  interconnected  the  small  amounts  of 
third-harmonic  voltage  induced  in  the  halves  of  the  windings  between 
neutral  and  line  are  put  in  opposition  and  the  resultant  third-harmonic 
voltage  from  neutral  to  line  is  very  small.  With  equal  impressed  volt- 
ages 120°  apart  in  phase,  if  the  three  transformers  be  identical  with 
respect  to  magnetic  characteriatics  and  the  linkages  of  flux  of  the  halves 
of  the  windings  with  the  core  be  equal,  no  third -harmonic  voltage  can 
exist  between  lines  and  neutral.  Since  there  are  small  inequalities 
among  the  several  transformers,  a  small  amount  of  third-harmonic 
voltage  remains.  Although  this  arrangement  of  transformers  is  advan- 
tageous from  the  standpoint  of  triple-harmonic  residuals,  it  is  open  to 
objection  from  an  operating  standpoint  since  it  reduces  the  rating  13% 
and  complicates  the  station  wiring. 

As  shown  on  drawing  No.  318,  none  of  the  connections  of  the  auxiliary 
bank  are  as  effective  in  eliminating  the  third-harmonic  residoals  due  to 
the  star-star  bank,  as  changing  the  station-side  connections  to  delta. 
With  the  most  favorable  connection  of  the  auxiliary  bank  (star-delta) 
the  third-harmonic  residual  current  is  about  ten  times  as  great  as  when 
the  main  test  bank  is  connected  delta-star  and  the  auxiliary  bank  dis- 1 
pensed  with.    For  tiie  star-delta  connection  the  impedance  of  the  auzi(^ 


534  I>(DUCTIVE   INTERFERENCK 

iary  bank  is  approslmately  six  times  as  great  as  that  of  tiie  delta  eirouit 
of  the  37^-kVA.  test  bank  (assuming  that  the  tibial  leakage  impedaQM 
of  the  latter  is  equally  divided  between  the  two  sides) 

If  the  ma^etic  density  of  the  auxiliary  bank  be  sufficiently  low  that 
its  third  harmonics  are  small  as  compared  to  those  dne  to  l^e  star-star 
hank  with  which  it  is  in  parallel,  and  there  are  no  other  transformer 
banks  with  grounded  neutrals  connected  (a  the  line,  the  division  oftlie 
third-harmonic  current  between  the  line  and  auxiliary  transformer  bank 
is  inversely  proportional  to  the  line  and  transformer  impedances.  If 
there  is  appreciable  third  harmonic  due  to  the  auxiliary  babk  or  to  other 
transformer  banks  with  grounded  neutrals  this  distribution  of  euirent 
will  not  hold. 

In  order  that  an  auxiliary  bank  be  as  effective  as  a  station-side  delta 
on  the  main  bank  its  impedance  should  be  as  low  as  that  of  the  delta  of 
the  main  bank  and  its  third  harmonics  negligible.  To  fulfill  this  require- 
ment transformers  of  low  magnetic  density  and  small  leakage  reactance 
are  necessary.  It  ia  not  probable  that  these  conditions  could  be  met 
by  transformers  of  smaller  kVA.  rating  than  those  of  the  main  bank! 

The  bank  of  50-kYA.  transformers  used  as  the  auxiliary  bank  is  most 
effective,  in  reducing  third-harmonic  residuals  due  to  the  star-star 
37i-kVA.  bank,  when  connected  star-delta  (see  drawing  No.  318).  The 
interconnected  star-star  and  interconnected  star-delta  arrangements  of 
the  auxiliary  bank  are  much  less  effective.  The  construction  of  these 
transformers  is  such  that  magnetic  leakage  between  the  halves  of  the 
line-side  windings  is  relatively  large  and  hence  the  impedance  between 
lines  and  neutral  is  lai^jer  for  the  intereonnected-atar  than  for  the 
Straight  star-delta  arrangement.  In  general,  this  is  to  be  expected 
unless  the  transformers  are  designed  so  as  to  minimize  this  leakage. 
Respectfully  submitted. 

(Signed)     Livingston  P.  Ferris, 
Assistant  Field  Engineer. 

Attachments  :  P.   I.   C.  Drawings  Nos.  219,  317,  318  and  332. 

Ik  Files  op  Joitjt  CouMrrxEE:  Oscillograma  Nos.  870,  871,  874.  875,  87(5, 
877,  878,  879,  882.  884,  885,  887,  S88.  8S8,  890,  894.  895,  806.  897.  90O,  901,  902. 
903,  904,  9056,  906,  907.  908,  909,  910,  9U,  914,  915.  916,  918,  910. 

Appbovk);  August  29,  1916, 

(Signed)     R.  W.  M.\stick, 

Field  Engineer. 
Approved:  October  10,  1016. 

SUBCOMMITTEIE  ON  TESTS, 

(Signed)     J.  E.  WooDBRrooB, 

Ohairman. 
Joint  Comuittee  on  Inductivb  Interference, 
(Signed)     Arthur  F.  Bridqe, 

SecretMS-l ,-. 
Joiraai?  8,  1917,     .  "  O 
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Teebnieal  Report  No.  61. 

July  n,  i9ie. 

MEASUREMENTS  OF  RESIDUAL  VOLTAGES  AND  CURRENTS  OF 

SEVERAL  TRANSMISSION  SYSTEMS. 


I.  INTEODUCTION. 

Object  and  Scope  of  Beport 
II.  COAST  COUNTIES  GAS  AND  ELECTRIC  COMPANY. 
A — Description  of  SyBtem. 
B — Scope  ot  UeasuremeDts. 
C— Data. 
D — DiacussioD. 
US.  SIBEBA  AND  SAN  FEANCISCO  POWBH  COMPANY. 
A — Dcscriptioii  of  .System. 
B — Scope  of  Measutementa. 
C— Data. 


rV.  PACIFIC  GAS  AND  BLECTBIO  COMPANY. 

A — Description  of  System. 

B — Scope  tit  Heasamnenta. 

C— Data. 

D — DiBCDSBiou. 
V.  PACIFIC  LIGHT  AND  POWEB   CORPOBATION. 

A — Deccription  of  System. 

B — Scope  of  Measuremeota. 

C—Data. 

D — Divcmaion. 
VL  GBNEBAL   DISCUSSION. 

L  Introdaction. 

This  report  presents  the  results  obtained  in  an  investigation  of 
remdusl  voltages  and  oarrents  of  repreaenttitive  power-traDamiaaion 
systems  of  California,  under  normal  operating  conditions.  The  inveati- 
gation  was  ootlined  under  "Future  Work  (II-A)"  of  the  Joint  Comr- 
mittee's  report  of  July  7,  1914.  MeasuKments  have  been  made  on  both 
grounded  and  isolated  systems  but  for  none  of  the  systems  may  the 
investigation  be  considered  complete. 

The  transmission  systems  on  which  measurements  were  made  are  the 
22-kV.  network  of  the  Coast  Counties  Gas  &  Electric  Company  (isolated 
from  ground)  and  the  following  systems  having  grounded  neutral  con- 
nections: Sierra  &  San  Francisco  Power  Company  (104-,  55-,  33-,  22-kVo[c 
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lines),  Pacific  Gas  &  Electric  Company  (60-kV.  lines)  and  the  Pacific 
Light  and  Power  Corporation  (15-kV.  lines).  For  two  of  the  systems, 
Coast  Counties  Gas  &  Electric  Company  and  Sierra  and  San  Francisco 
Power  Company,  the  vesnlts  of  previoua  teats  are.  again  utilized  along 
with  those  which  were  made  primarily  for  the  purposes  of  this  report. 
The  results  for  each  system  are  separately  deaeribed  and  diseuased 
below. 

n.  Ooast  Oonnties  Qas  A  Electric  Oompai^. 
A — ^Dbscbiption  of  System. 

The  Coast  Counties  Gas  &  Electric  Company's  system  is  a  22-kV, 
network  isolated  from  ground  throughout.  The  eonatruetion  varies, 
being  partly  fiat  horizontal  and  partly  triangular.  Some  of  the  lines  are 
transposed  but  the  transpositions  are  neither  so  located  nor  sufficient 
in  number  to  give  capacitance  balance  of  the  system  to  ground.  This 
system  forms  a  loop  and  is  connected  to  the  60-kV.  system  of  the  Pacific 
Gas  &  Electric  Company  at  Davenport  and  San  Jose  through  T-delta 
transformer  banks.  The  22-kV.  line  of  the  Pacific  Gas  &  Electric  Com- 
pany forms  the  connecting  link  between  the  Coast  Counties  Gas  &  Elec- 
tric system,  at  Morgan  Hill  and  the  60-kV.  system  at  San  Jose. 

Energy  may  be  supplied  from  either  end  of  the  loop  from  the 
Pacific  Gas  &  Electric  Company's  60-kV.  system,  or  fi^om  the  Big 
Creek  generating  station,  also  from  the  Santa  Craz  and  Watsonville 
steam  stations  of  the  Coast  Counties  Gas  &  Electric  Company.  The 
generating  apparatus  in  these  steam  stations  is  not  used  except  in  cases 
of  emergency  and  sometimes  daring  the  evening  peak  at  Santa 
Cruz.  Under  normal  operating  conditions  a  sectionalizing  switch  just 
north  of  Wateonville  separates  the  system  into  two  parts,  the  "north" 
end  (Santa  Cruz)  of  the  system  being  fed  from  Davenport  with  the  Big 
Creek  station  in  parallel,  and  the  "south"  end  (GUroy)  from  San  Jose. 

B — Scope  of  Measurements. 
Measurements  were  made  of  voltages  to  ground  and  residual  voltages 
at  Santa  Cruz,  WatsonviUe  and  Morgan  Hill  with  several  different 
methods  of  operation.  In  addition,  the  residual  current  "was  measured 
at  Santa  Cruz.  Oscillograms  were  taken  at  Santa  Cmz  aiid  Moi^an  Hill 
and  resonant  analyses  were  made  at  "Wateonville. 
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C— Data. 
Results  of  the  measarements  are  ^ven  in  the  following  tables : 


AtiguM  n,  1*14. 

• 

OUnjIlB* 

■umcwUH 

x&^ 

AtW>t«TlIU 

AtWUwBfUU 

AtauUCnu 

Jf. 

STd  1  'iSKS' 

J'^^a 

as' 

Jisal-sffis" 

E.S.W.      12500 


WItb  •ectlonolUnt  swltcb  at  WtttMitvllle  open,  the  Davenport  and  BIk  Creek 
■tatlona  were  In  parallel  supplylns  north  end.  Wat«Onvllle  load  being  carried  on 
Santa  Crux  line. 

With  BectlonalliInK  switch  at  WataonTllle  closed,  the  Davenport  and  Big  Creek  and 
8mi  Jose  atatlona  were  In  parallel  supplying  entire  HjrBtem. 

TABLE   II. 

Measuramenta  at  Santa  Crui.    Coaat  Countlaa  Oat  A  Clactrlc 

Company  22000-Valt  Syatsm.     February  11-12,  1914. 


OperatlnK  Condition ; 

San  JoM  and  Big  Creek  atatlona 
Average  values  from  T.  R.  No.  ' 


1  parallel,  Davenport  off. 
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D — Discussion. 

Residual  voltages  measured  at  Santa  Gnu  and  at  WatBODville  are 
chiefly  of  fundamental  frequency.  The  harmonics,  while  of  appre- 
ciable magnitude,  are  small  as  compared  to  the  fundamental,  and  in 
general  corresponding  harmonics  in  the  line  and  residual  ventages  bear 
approximately  the  same  ratio  as  the  fundamental  components.  This 
indicates  that  the  residuals  are  due  to  the  unbalanced  admittances  of 
the  several  phases. 

The  third  ia  the  largest  harmonic  of  the  balanced  voltages  and  arises 
probably  from  the  comparatively  large  number  of  open-delta  and  Scott- 
coimected  transformer  banks  used  on  the  system.  With  the  sectioual- 
izing  switch  open  at  Watsonville  the  third  harmonic  is  the  larger  on 
the  line  toward  Santa  Cruz  and  when  the  switch  is  closed  the  third 
harmonic  voltage  is  decreased  in  the  Santa  Cruz  line  and  increased  in 
the  line  toward  San  Jose,  t.  e.,  assumes  en  intermediate  value.  In 
partial  explanation  of  this  it  may  be  stated  that  the  largest  banks  of 
Scott-connected  transformers  are  at  Santa  Cruz  and  Big  Creek.  The 
other  prominent  harmonic  Js  the  thirteenth.  At  Watsonville  the  funda- 
mental components  of  the  residual  voltages  of  the  lines  toward  Santa 
Cruz  and  toward  Gilroy  were  approximately  the  same.  When  the 
switch  connecting  together  the  two  sections  of  line  was  closed,  the 
residual  voltage  was  decreased  approximately  70  per  cent.  It  is  prob- 
able that  the  resultant  admittance  unbalance  to  ground  is  less  than  the 
unbalances  of  the  two  sections  of  line  taken  separately. 

The  measurements  at  Morgan  Hill  were  made  approximately  18 
months  previous  to  the  others  described  in  the  section,  and  under  some- 
what different  conditions ;  hence,  it  is  not  possible  to  compare  them.  See 
T.  R.  No.  20. 

m.  Sierra  ft  San  Froacisco  Power  Oompaiqr, 
A — Descbiption"  op  System. 
This  system  consists  of  two  104-kV.  lines  between  the  Stanislaus 
generating  station  and  the  Bay  Shore  substation,  a  distance  of  145  miles, 
with  intermediate  substations  at  Manteca  and  Guadalupe,  66  and  110 
miles,  respectively,  from  Stanislaus.  There  is  a  bank  of  auto-trans- 
formers at  Guadalupe  through  which  a  75-mile  55-kV.  line  to  Salinas 
is  energized.  At  Salinas  there  ia  a  bank  of  auto-transformers  energiz- 
ing a  41-mile  33-kV.  line  to  King  City  and  a  20-mile  22-kV.  tine  to 
Monterey.  Both  banks  of  auto-transformers  have  grounded  neutrals 
and  delta-connected  tertiary  windings.  The  transformers  at  Stanislaus, 
Manteca  and  Bay  Shore  are  etaineeted  Y-delta  with  neutrals  grounded 
on  the  104-kV.  side. 
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TSCHNICAL  RBPOBT  NO.  M. 


B — SCOFB  OF  Mb&subbhbnts. 
Measorementa  of  the  residaal  enrrents  and  voltages  of  this  system 
were  nude  at  the  Salinas  and  Qnadslupe  substations  and  at  the  Stanis- 
laus generating  station  under  several  conditions  of  operation.  Keso- 
nant  shunt  and  meter  measurements  were  made  at  GFuadalnpe  and 
Stanislaus  and  meter  ipeasurements  at  Salinas  simultaneously  with 
those  at  Quadalupe.  In  addition,  a  lai^e  number  of  oscilli^raph  and 
meter  measurements  made  at  Salinas  and  summarized  in  technical 
report  No.  38  are  again  utilized  in  this  report. 

C— Data. 
The  results  of  the   various  measurements  are  summarized  in  the 
following  tables: 

TXBLCiii  ■  •     • 


Ruldual  Current  at 

104.kV. 

Inea. 

u-«a. 

Ud«Ko.» 

iil 

Quadalupe 

1 

1 

2 

2 

2 

2 

1 

, 

Manteca 

1 

1 

1 

2 

2 

1 

1 

1 

Bay  Shore 

1 

1  &2 

&2 

2 

2 

1  A  2 

&  2 

1 

I 

0.51 

0,49 

0.36 

030 

0^. 

0.29 

0.30 

0,39 

3 

0.60 

0.66 

0.77 

04? 

0.60 

0,24 

037 

0,41 

5 

0.04 

OXS 

0.05 

0.05 

0.04 

0X)2 

0.05 

0.06 

7 

QM 

aa2 

OSS 

0.13 

9 

0-13 

0,11 

0Ji7 

0,03 

0.12 

0.03 

0.05 

im 

11 

0,QZ 

0X8 

e.03 

<0J»    • 

■0.03 

13 

0J)2 

0,05 

B.  8.  W. 

O.80 

0.83 

0.94 

052 

0.09 

0.38 

0.50 

0,57 

OlUdUtT 

BhMiuI  numi  U-kV.  Um 

Smt.ni 

nmit 

LU-toSUnW.™ 

No. 

■ 

Ncbl 

N<i(.l 

-^. 

N».„.l 

Condition  of 

Salinas  Neutral 

Grd. 

Isol, 

Otd.    laol. 

isol. 

Grd. 

Isol, 

1 

0.62 

0.67 

0,59 

0.70 

0.55 

0.57 

0.12 

026 

0.15 

0.86 

0.33 

a48 

S 

.   0.030 

0,03B 

0J)17 

0,012 

0J)12 

0.007 

Not 

,01(10 

0,005 

0M3 

aoo7 

S 

o.n 

0.008 

oxm 

0,008 

0,098 

0.089 

11 

OMi 

0-014 

0.006 

OJWi 

.    0.047 

0,047 

0,018 

0.018 

15 

0.016 

0.016 

0,004 

0.004 

0.005 

0,005 

E.  8.  W. 

0,64 

0,73 

0,67        0.78 

0.63 

0.79 

0,65 

0.75 

Une  Na  1  belweeD  Quadalupe  anu  nay  oiiuiv  wub  uui  i 
Huitecs  Eubatatlon  connected  to  line  No,  1  throughout. 


service  during  the  t 


mbtrcnvE  intebferenck. 


TABLE  V. 
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The  fimdamental  and  third  harmonic  ar«  the  chief  compoDenU  Of  the 
residual  currents  of  the  10-t-kV.  lines  at  Stanislaus^^the' t«o  are  of 
approximately  the  same  magnitude.  TTiider  certain  condition  there  is 
also  a  considerable  amount  of  ninth  "harmonic.  There  is  iio  eharaete't- 
iatic  difference  in  the  residual  current  diie  to  the  type  oF  transmission 
line  used  (vertical  or  trian^lar),  for  under  the  same  conditions '  the 
residuals  of  the  two  lines  are  practically  identical. 

When  the  104-kV.  lines  are  paralleled  at  the  Stanislaus  and  Bay 
Shore  terminals,  the  residual  current  at  Stanislaus  is  the  greater  in  the 
line  to  which  the  intermediate  substations,  Manteca  and  Guadalupe, 
are  connected,  but  when  these  are  connected  to  different  lines,  paralleled 
as  before,  the  residual  current  ia  the  greater  in  the  line  to  which 
j\fanteca  is  connected.  This  is  true  of  the  third-harmonic,  ninth- 
harmonic  and  equivalent  sine-wave  values.  The  difference  is  especially 
noticeable  in  the  case  of  the  ninth  harmonic,  it  heing  several  times 
greater  in  the  iine  to  which  Manteca  is  connected  than  in  the  other  line. 

With  the  lines  under  no  load,  no  substations  being  connected,  the 
ninth  harmonic  is  small.  Little  change  is  noted  when  the  line  is  closed 
"  at  the  far  end  through  the  Bay  Shore  substation.  Adding  the  Manteca 
substation  increases  the  third  harmonic  about  80  per  cent  and  the  ninth 
harmonic  about  800  per  cent.  Adding  both  the  Manteca  and  Guadalupe 
substations  increases  the  third  harmonic  50  per  cent  and  the  ninth  300 
per  cent.  Adding  the  Guadalupe  substation  only,  decreases  the  third 
harmonic  40  per  cent  and  the  ninth  harmonic  a  small  amount. 

It  appears  from  the  above  that  the  Manteca  bank  of  transformers  is 
responsible  for  the  greater  part  of  the  ninth  harmonic  measured  at 
Stanislaus.  However,  this  can  not  be  stated  definitely  since  banks  at 
any  of  the  four  stations  may  give  rise  to  it,  the  different  amounts 
measured  at  Stanislaus  with  different  comhinationa  of  lines  and  trans- 
former banks  being  due  to  differences  in  impedances. 

The  distance  between  Stanislaus  and  Bay  Shore  is  slightlj'  greater 
than  a  half-wave  length  for  the  ninth  harmonic.  With  the  lines  sepa: 
rated  at  the  distant  ends  and  paralleled  at  Stanislaus,  but  not  at  an}' 
of  the  substations,  the  impedances  to  the  ninth  harmgnic  at  the  various 
substations  may  be  computed.  Citing  one  of  the  conditions  of  tests,  all 
substations  being  connected  to  one  of  the  lines,  the  other  carrying  charg- 
ing current  only,  the  impedance  of  the  open-circuited  line  at  Stanmlaus 
is  840  —  j  2400  ohms  and  that  of  the  line  closed  through  the  neutrals  of 
the  various  transformer  banks  20  —  j  150  ohms.  The  resultant  imped- 
ance of  the  two  lines  in  parallel  is  capacitive  and  intensifies  somewhat 
the  ninth- harmonic  voltage  due  to  the  Stanislaus  bank  of  transformers. 
The  ratio  of  computed  impedances  of  the  two  lines  is  approximatelv 
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16  to  1,  that  of  the  measured  ninth-harmonic  eurr^n^  is  approximately 
5  to  1  (average).  Therefore,  the  effects  just  noted  coold  be  explaiiiied 
if  th?  large  ninth  harmonic  were  due  to  the  Stanislaus  bank.  Aasuming- 
the  ninth-harmonic  voltage  to  be  due  to  some  other  transformer  bank 
on  the  system  the  computed  ratio  of  ninth-harmonic  currents  in  the  two 
lines  at  Stanislaus  would  be  approximately  30  to  1. 

When  .the  two  lines  a^e  paralleled  at  more  than  one  point  the  network 
is  too  complicated  to  be  readily  computed.  However,  since  with  a 
number  of  different  combinations,  the  large  ninth  harmonic  was 
observed  only  in  the  line  to  which  Manteca  was  connected,  it  is  regarded 
as  probable  that  the  transformer  bank  there  is  responsible  for  the 
greater  part. 

The  measurements  at  Guadalupe  were  made  under  somewhat  differ- 
ent operating  eonditioos  than  those  at  Stanislaus.  Line  No.  1  between 
Guadalupe  and  Bay  Shore  was  out  of  service  during  the  Guadalupe 
tests  because  of  insulator  testing.  This  changed  the  impedances  of  the 
line  to  third-  and  ninth-harmonic  currents  as  compared  to  the  condi- 
tions which  obtained  during  the  Stanislaus  measurements.  No  analysis 
of  residual  current  at  Guadalupe  was  made  with  Manteca  and  Guada- 
lupe connected  to  different  lines.  Since  the  measurements  at  Guada-  . 
lupe  were  made  prior  to  those  at  Stanislaus,  the  desirability  of  such 
^alysis  was  not  realized. 

The  fundamental  is  the  chief  component  of  the  residual  current  of 
the  55-kV.  line  at  Guadalupe,  both  with  Salinas  neutral  grounded  and 
with  it  isolated.  With  the  Salinas  neutral  grounded  (the  usual  oper- 
ating condition)  the  third  and  ninth  harmonies  are  about  the  same  in 
magnitude  when  one  104-kV.  line  b  supplying  Guadalupe;  and  when 
both  104-kY.  lines  ace  in  parallel  supplying  Guadalupe  the  ninth  is 
about  60  per  cent  of  the  third.  Isolating  the  neutral  at  Salinas 
increases  the  third  harmonic  and  decreases  the  ninth  harmonic  of  the 
residual  current  of  the  55-kV.  line  at  Guadalupe.  Meter  measurements 
made  simultaneously  at  Salinas  showed  that  isolating  the  neutral  at 
Salinas  increases  the  residual  current  of  the  55-kV.  line  at  that  point. 
No  analyses  of  the  residual  or  neutral  currents  were  made  at  Salinas 
at  this  time. 

Tables  V  and  VI  summarize  the  results  obtained  in  the  earlier  tests  at 
Salinas  as  given  in  technical  report  No.  38.  The  residual  current  of  the 
33-kV.  and  55-kV.  lines,  the  neutral  current,  and  the  residual  voltage  of 
the  22-kV.  line  were  measured ;  the  other  values  were  obtained  from  these 
measured  quantities  and  the  computed  line  impedances.  The  results  are 
in  agreement  with  those  obtained  in  the  later  tests  and  show  that  isolat- 
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ing  the  Salinas  heotral  affects  the  n'mfh-harmonic  resldaalB  at  SaTKnas 
u  foUowa: 

1.  increaaes  cmrent  and  voltage  on  22-ky.  line. 

2.  deicreaaes  current  and  vol^^  qoS^V.^luie.      ,; :      -     . -,    -.  , 

3.  increaaes  current  and  decreases  voltage  on  55-kT.  line. 

Compntationa  of  impedance  to  ninth-hannonie  residual  eanejit'  ot  the 
55-ky.  line  at  Guadalupe  indicate  that  it  is  approximate!?  a  quartar 
wave-length  for  this  frequency.  The  combination  of  line  and  trans- 
former impedances  at  Salinas  is  rather  complicated  f^r  exact  oomputa-, 
tion,  but  an  approximate  estimate  of  the  resultant  impedance  between 
the  55-kV.  line  and  ground  at  Satioas  may  be  made  from  the  current 
and  voltage  measurements  given  in  Tables  V  and  YI,  the  computed 
impedances  of  the  33-  and  22-ky.  lines  and  an  assumed  tranafoEmei 
impedance. 

Assuming  constant  ninth-harmonic  voltage,  unaffected  by  the  con- 
dition of  the  Salinas  neutral,  impressed  between  the  55-ky.  line  Rud 
ground  at  Guadalupe,  with  the  receiving  end  at  Salinas  dosed  through, 
the  values  of  impedance  as  estimated  above,  the  ratio  of  ninth-haTmonic 
currents  at  the  two  ends  of  the  line  for  each  condition  of  the  Salinas 
neutral,  and  the  effect  of  the  condition  of  the  Salinaa  neutral  on  t^e 
values  of  the  two  currents  were  computed.  The  results  obtained  from 
this  computation  agree  favorably  with  the  results  of  the  measurements 
as  described  above. 

It  is  probable,  therefore,  that  the  ninth  harmonic  otMcrved  in  the 
55-kY.  line  at  Salinas  and  Guadalupe  arises  from  maeas  we  or  nore  of 
the  lOi-kY.  transformer  banks  and  not  from  the  transformer  bank  at 
Salinas.  Further  evidence  to  support  this  view  is  given  by  the  tests 
made  at  Salinas  and  summarised  in  technical  report  Ko.  38  with  the 
voltage  lowered  5%  by  changing  the  auto-transformer'  taps  at  Goada- 
Inpfl  which  show  little  effect  on.  the  magnitude  of  the  ninth-humonic 
neutral  and  residual  currents  at  Salinas  due  to  this  change.  On  the 
other  hand,  lowering  the  voltage  on  the  104rkY.  line  by  approximately 
the  same  amount  reduces  the  ninth-harmonic  neutral  current  at  Salinas 
40%. 

isolating  the  neutral  at  Salinas  increases  the  third-harmonic  current 
of  the  55-ky.  line  at  Guadalupe  and  Salinas  and  increases  the  third- 
harmonic  residual  current  and  voltage  of  both  the  22-ky.  and  33-ky. 
lines.  The  effect  on  the  third-harmonic  residual  voltage  of  the  55-kV. 
line  at  Salinaa  is  uncertain  since  it  was  not  measured.  It  is  not  con- 
sidered valid  to  assume  the  third-harmonic  voltage  to  arise  entirely 
from  sources  other  than  the  transformer  bank  at  Salinaa,  and  hence  the 
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degree  of  certainty  from  the  measurements  on  the  22-kV,  JjjOje  and 
impedances  of  transformers  and  lines. 

f7.  PEoiflc  Ou  aiid"Mle<Jtrlc  Obintnai;.  '    '' 

A — Dhscbiption  op  System. 
The  6ii-l£Vl  'system  of  ttie  Pacific. Gas  and  E^  consists' 

of  approximately  i560  miles  of  electrically  conn  In  addi- 

tion there  are  normally  iii  electrical  connection  t  fV,  lines 

of  the  Western' Statwi  Gas  knd  K  lee  trie  Coihpauj,  ..,u^L..^^u^.,Ii£omia 
Power  Compariy'anji'  the'Snow  Mountain.  Water  and  Power  Company, 
thus  increasing  tljetot'al'^mfteagf  of  the  60-l^V.  electrically  connected 
network  to  approximately  1500  miles.  Also,  there  ar^  109.5  miles  of 
lOO-kV.  line  wliieh  is  connected  to  the  60-kV.  system  through  Y-con- 
nected  auto-transformers  and  a  large  mileage  of  11-kV.  lines  connected 
through  T-T  transformers  with  neutrals  grounded  on  hoth  sides,  thus 
transforming  residual  currents  and  voltages  from  one  system  to  the 
other.  'Transformer  banks  at  most  of  the  generating  stations  are  cou- 
nected  T  with  grouiided  neutral  on  tlie  line  side  and  delta  on  the  station 
side.  At  the  substations,  transfonheip  are  connected  in  T  with  grounded 
neutrals  on  the  fiO-lcV.  si^e,  aWu't  half  being  delta  on  the  low-tension 
side  and  the  other  half  T.  In  ^  lai'ge  number  of  the  smaller  stations, 
switches,  normalfy  kept  open,  are  provided  in  the  neutrals  of  the  Y- 
delta  connected  banks. 

■  ■    B— ScdPB'OJ-'MEASuRtesiENTS."  ■'■ 


Measurements  were  made  at  .one  generating  station  (Kleetfa,  14100-. 
kVA.},  one  substation  with  Y-delta  connected  transformers,  (Davenport, 
7800-kVA.)  and.  one  substatipn  TyithY-Y  connected  transformers 
(Banta,  600  kVA.).  .Tests  fiaving  been  made  at  such  a  limited  number 
of  points  it  is  evident. that  a  thorpugh  diseussiop,  of  the  residuals  of  this 
extensive  system  can  not  be  m^de,,  , 
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The  results  obtained  from  t&e  measarements  at  these  three  points 
are  given  in  the  following  tablw^ 

"'TABU  Vltl. 
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D — Discussion.  •         . 

The  measurements  at  all  three  points  show  the  third  harmonic  as  the 
chief  component  of  the  residual  and  neutral  earreats  of  this  system. 
The  fandamental  oompoDsnts  are  of  ADrnparatirely  small  magnitnde, 
indicating  that  the  load  unbalance  is,  in  tfiis  case,  an  unimportant  factor. 
The  residuals  are  chiefly  those  arising  from  the  exciting  currents  of 
the  transformers.  It  is  evident  from  the  measurements  that  there  is  a 
considerable  interchange  of  third-harmonic  exciting  current  among  the 
stations  of  this  system,  the  T^delta  banks  supplying  low  impedance 
paths  to  ground  for  third-harmonic  current  arising  from  T-Y  banks  in 
some  cases  at  a  considerable  diMance  from  the  former. 

The  lai^  third-harmonic  curr^^  at  DaTQuport  is  due  doubtless  to  the 
grounded  Y-Y  banks  at  substations  near  Davenport,  There  are  such 
banks  at  San  Jose  (6000  kYA.)  aad  at  iMouidain  View  (1500  kVA.) 
and  others  of  smaller  capacity  at  other  points.  There  are  T-delta  banks 
at  San  Jose  (6000  kVA.)  and  at  Martin  (9000  kVA.)  substations,  a 
total  of  15000  kVA.  These  banks  divide  the  third-haimonio  current 
arisii^  from  the  Y-Y  banks  with  the  transformers  at  Davenport.  It  is 
probable,  therefore,  that  correspondingly  large  values  of  third-harmonie 
neutral  jcnrrent  would  be  observed  in  the  neutrals  of  the  banks  at  San 
Jose  and  Martin. 
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The  generatmg  station  tt  Eleetra  is  at  a  gnntep  diMance  from  tb«ae 
T-T  banks,  hence  it  is  to  be  expected  that  a  anaUer  amoant  oi  tbn 
thitd-Hannonic  cumrit  wonM  appear  there.  The' mi^ttitndfla  of  third- 
'hsrmonic  cnrrent  'whieh  ~nepe  mea^red  are  in  agrMtsent  vitii  this. 

The  third-harmonic  cnnvnt  meaanred  at  Banta  may  be  takon  aa  a 
very  rough  indication  of  what  may  exist  at  other  T-Y  banks  on  the 
system.  The  third-harmonic  cniten't'of  this  haiA''f600  hVA.)  variflb 
from  0.4  to  0.7  amperes.  Roughly  the  amDunt  of  current  which  will  exist 
in  the  neutrals  of  the  other  Y-Y  banks  will  be  in  proportion  to  their 
kVA.  capacity.  For  instance,  at  San  Jose  the  6000-kTA.  bank  *ould 
have  a  third-harmonic  neutral  cnrrent  of  from  4  to  7  amperes  and  at 
IVtonntain  Yiew  1  to  2  amperes.  It  is  not  surprising,  therefore,  that  the 
large  third-harmonic  current  measured  at  Davenport  should  exist. 

The  residual  current  at  Davenport  was  also  measured  with  <m1y  one 
of  the  two  banks  of  Y-delta  transformers  in  operation.  The  change  te 
residual  current  due  to  disconnecting  one  bank  was  so  amall  that  it  was 
masked  by  other  changes  which  occurred  from  time  to  time  due  to 
voltage  fluctuations  on  the  system.  This  is  in  agreement  with  the  state- 
ment that  the  third-harmouic  current  is  due  lai^ely  t<i  sources  other  than 
the  Davenport  transformers. 

Residual  current  at  Glectra  was  also  measured  with  the  transmisrioB 
line  open  at  Stockton  (approximately  40  miles  of  line),  there  being  no 
transformers  with  grounded  neutrals  connected  to  the  line  heyOad 
IBlectra.  The  third-harmonic  residual  current  tinder  this  eonditloo  is 
therefore  due  to  the  Electra  transformers  only.  The  measurements  Vere 
made  with  the  line  energized  by  two  different  generators,  one  of  induc- 
tor type  and  the  other  revolving-field  type.  There  is  seen  to  be  little 
difference  in  the  wave  form  or  the  magnitude  of  the  residual  cnrrent, 
due  to  this  difference  in  generators.  This  is  not  surprising  in  -♦iew  of 
the  fact  that  the  third  harmonic  is  the  chief  component  tni  that  Cbe 
transformer  windings  are  delta  connected  on  the  station  sidei  Analyais 
of  generator-voltage  wave  forms  #hile  energizing  ^e  line  t^der  "the 
same  conditions  shows  the  Iriductor-type  attemator  to  have  a  Slighfly 
better  wave-form,  only  the  fifth  and  seventh  harmonica  being  of  magni- 
tade  large  enough  to  measure,  the  fifth  being  the  larger.  The  wave 
form  of  the  revolving-field  type  generator  contains  practically  the  same 
amount  of  fifth  as  that  of  the  inductor  type  generator  and  in  addition, 
third,  fifth,  seventh,  ninth,  eleventhand  thirteen  harmonics.  The  effect 
of  these  is,  however,  on  the  balanced  voltages  and  eurrenta  of  the  line, 
rather  than  on  the  residuals,  as  the  residual  current  measurements 
show. 

Some  measurements  were  made  at  the  Davenport  substation  with  a 
synchronous  motor  connected  and  disconnected,  to  see  if  its  operation  , 
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hai-tmy-edmtifm  thvnnda^  currant xif.'l|h9:6P:lcy..lin^  .  Tbere  w^  no 
aftpdnenfi  ^uageiia  Biagnittuje  orw^ve^forai  pi  the  jiresi4asJ  currept  '^l^ 
tfrnld  tw^tiiib)H«d<to-1he  operatiou  of  (Jii^  motp;;.  Thia  result; is  f9 
beex{)<Hted.ftnd<UmBgrqfm£mt;witli  Uke  rfl@alt4.ii«it«(l.al|..EUectrK.in  the 
teats  w^ttht  two.  diS8)»nt  t3rpa$  of.  geilfsntfirs. ..  ,,  .  ,. 

7MPfU]U^;Z4^,UHil  Power  Qorporation.   :. 

■  A— DESCBiPTiMJ  OP  Sttstbu.  ■  '      ■  ■       ■■- 

.T^Js  i^ysten^  ^du^gt^  of  appijoxjmately  900  miles  of  electrically  con- 
nected J5-!kV-  networli.  Moat  of  the  transformers  connected  to  these 
lipes  are  iso\at,e<Ji  from  grov^pd.  At  yemon  there  ,ia  ^  ]5000-kVA,  bank 
T-del^  Copnec^d^  with  tlje  neutral  grounded  on  the  15-kV.  side.  At 
A^pu^o  the  neutrals  of  a  turbo-alternator  and  of  a  bank  of  Y-con- 
^Jiected  aut<^t#an^ortiljers,  which  connect  the  generator  to  the  line,  are 
both;^r^i^d^  J^l^ri??  tfafi  time  the  generator  is  .in  ^rviee. 

"     '■'  ''B^^CbPEOPM^A^RtMENTS.  ■..■.!■  .... 

,,,  Jkfe^^emcpt^.pn.this  ^stem  were  made  at  only, one  point,, San  T'er- 
nando,  at  which  the  Committee's  laboratory  had  been  set  up  fgr  the 
purp9A$,  of  £arx>'ing  outj.  other  testa.  The  measurements  were  made,  on 
tWQjfJiffpr^fidaya  under  so^wh^.t  diflferent  conditions.  At  the  time  of 
the  fitpt.^pes  ftf  ^Mejtsiureinen.ts  the  section  pf  line  from  San  Fernando 
lo,SciiRi?-,(3'7,>»U**)  was. under  the  control  of  the.J^int  Committee  and 
tefit^  jvere.ro^e  of  the  efEect  on  the  residual  volt^^ee  At  San  Fernando, 
of :  eWii»?ctjjQ|g  in  this  se<:tipp  pf  line  and  alsp  gf  connecting  in  one  or  two 
jaoBducfors  .on,lyt  thps  iintrpducing  a .  capacitance  unbalance  on  the 
^at^^..  ;,At  ,the  tim^  of,  the  second  series  of  measurements  the  line 
£r(q}i,^p,Ferpaudo,,to  Somis  was  in^conm^ercial  operation  for  approxi- 
Hfl^tvly  39  .TQil^.  the  r^^inder  being  disco.nn6eted. ^  The  residual, volt- 
AgpiBl)vL.<^urf^nt  ctf.tte  line  at  the  laboratory  were  measured  at  intervals 
4ivipg,l;he  daily.ciycle.  of  pperfition,  ^d  a^r^eord  of  ail  \mportant  switch- 
i*g.,Dpe^llt^pfla|W^ob^^l)ed,from.theiot^d  dispatcher^^  '^^'    .■■'" 
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The  measurenients  obtained  in  the  two  series  of  testa  are  recorded  i: 
the  following  tables: 


1:34-2:08 
2:06-2:20 

9.46 
9,57 

D 
1.55 

m 

690 

0 
0.19 

Bit 

all 

ell 

4:08-4:09 

4:09-4:18 

9.51 

0 

3300 
3580 

0 

0.87 

all 
all 

none 
all 

2:34-2:37 

9.49 

1.41 

540 

0.94 

all 

1  and  2 

2:41-2:43 

9.52 

1.4! 

1160 

a» 

1  and  3 

all 

2:47-2:49 

».42 

1.15 

1430 

1.12 

1 

all 

2:57i 

510 

«1I 

1 

TABLE  XIII. 

AnalyiM  of  Lin*  > 

d  RMidual  Voltagn  at  San 

Fernando. 

March  26,  1816. 

E.S.W. 

470 

2930 

VoltoKe  phBBO  1  to 
nau^ftl,  ToltB 

1 

3 

K.  8.W 

9300 
0300 

9500 
9G00 

OBcillogram  Xo.  ■ 

958 

960 

Avarag*  Valua*  of  Una  a 


TABLE  XIV. 

veHaaaa  i 
J  una  IS,  ISIS. 


a  Corranta  at  San  ^arn* 


6:24-  7:00  A.M. 

7:01-40:17  A  Jfl. 

0:43  A.M.-  8:27  P.M. 

3:32-  6:02  P.M. 


0.127 
0.246 
0.119 

0.246 
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Analyaai  of  Una  a 

TABLE  XV. 
nd  Reildual  Voltafla*  and  Currant*.    Juna  1B,  IBIS. 

1 

0. 

Time    

6:501A.M.    lOiSTA.U.     3:2SP.M.      7:06A.M 

5:37  PJi. 

VoUase                I 
phaee  I                3 
to  KrodDd,             6 
volte            E.  S,  W. 

8900                                                          9B70 
39)                                                                       • 

9000                                                          9670 

9250 

m 

180 
9390 

Residual 
volts 


OicI11oKr«in   No. 


D — Discussion. 

The  results  obtained  in  the  tests  of  March  26  show  slight  effect  on 
the  residual  voltage  of  this  ^stem  due  to  adding  the  San  Femando- 
Somis  line,  although  of  course  causing  a  residual  current  at  San  Fer-' 
nando  which  otiierwise  would  not  exist.  There  is  perhaps  a  slight 
increase  in  the  residual  voltage  at  San  Fernando,  but  this  is  not 
definitely  established  as  the  quantities  were  varying  from  time  to  time 
oa  account  of  other  changes  of  conditions  on  the  system.  A  capacitance 
unbalance  at  San  Fernando,  caused  by  connecting  one  or  two  con- 
ductors of  the  line  to  Somis,  has  siHaU  effect  on  the  residnal  voltage  at 
this  point.  This  is  to  be  expected  in  view  of  the  large  star-delta 
transformer  bank  at  Vernon.  Due  to  the  anbalaneed  charging  current 
at  San  Fernando  a  residual  current  proportional  to  the  capacitance 
unbalance  is  caused.  This  exists  only  between  the  point  where  the 
unbfUanee  occurs  and  the  grounded-nentral  banks  of  transformen. 

Connecting  the  turbo-alternator  and  bank  of  auto-transformers  at 
Redondo  to  the  IS-kV.  network  approximately  doubles  the  residnal 
voltage  at  San  Fernando.    The  large  increases,  as  shown  by  the  oscillo- 
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gram  analyses,  are  in  th«  third  and  ninth  barmonics.  The  residual 
curreot  ahowa  appreciable  fifteenth,  twenty-first  (tod  twenty-seveiith 
harmonics,  vhen  the  Redondo  generator  and  auto^tnlnsformen  are 
connected. 

On  drawing  No.  327  the  readings  of  residual  volta^  and  can^nt, 
taken  at  intervals  throughout  the  day,*  are  plotted.  Although  the  quan- 
tities are  fluctuating  from  time  to  time  it  u  readily  seen  that  the  large 
changes  are  dne  to  connecting  or  disconnecting  th6  Bedondo  turbo- 
generator and  auto-transformere.  The  residuals  of  this  syfitem  are 
chiefly  of  triple-harmonic  frequencies  and  are  due  to  the  transfM-mer 
banks  and  generator  with  grounded  neutrals.  Since  the  voltage  was 
greater  with  the  Bedondo  generator'  and  auto-tramformer  connected, 
it  is  reasonable  to  suppose  that  they  give  rise  to  the  greater  reriduals. 
It  is  probable  that  the  residual  voltage  would  be  still  greater  were  the 
Vernon  neutral  ungrounded  and  that  at  RedondO' ^winded.  The  meas- 
urements have  not  becu'  made  at  a  sufficient  number  of  points'  to  give 
a  very  thorough  discnssion  of  this  subject. 

VI.  General  Discosfum. 

Detailed  discussions  of  the  isfi^aureme^ta  made  on  each  of  the  trans- 
miasiou  systems  investigated,  have  been  given  in  the  preceding  sections. 
It  is  the  purpose  of  this  section  to  briefly  summarize  these  and  to  discuss 
the  prominent  features  which  are  brought  out  by  the  measurements  as 
a  whole. 

The  residual  vcdtage  of  the  Coast  Gouatiea  Qas  and  Eleetric  Com- 
pany's system  is  chiefly  of  fundamental  frequency.  Higher  harmonics 
are  present  in  appreciable  magnitudes  and  bear  approximately  the 
same  ratio  to  the  corresponding  harmonic  in  line  voltage,  as  do  the 
fundamental  components;  indicating  that  the  residual  voltage  is  due 
to  the  admittance  unbalance  of  the  several  phaaea  to  groiind. 

Residual  voltages  and  currents  of  the  Sierra  &  San  Francisco  Power 
Company's  ^stem  are  chiefly  third  and  ninth  harmonica,  the  funda- 
mental component  being  of  less  importance.  Measurements  have  indi- 
cated that  the  transformer  bank  at  Manteca  gives  rise  to  a  lai^  part 
of  the  ninth-harmonic  current  and  voltage.  The  measurements  have  not, 
however,  been  sufBciently  complete  to  establish  this  beyond  question. 
If,  as  is  thought,  the  Manteca  bank  is  the  principal  source  of  ninth 
harmonic  its  effect  could  be  eliminated  by  operating  it  with  neutral 
isolated.  Since  there  is  a  delta  on  the  IT-kV.  side  of  this  bank  and  there 
are  other  Y-delta  connected  banks  with  grounded  neutrals  on  the  sys- 
tem, it  does  not  seem  that  this  procedure  should  be  objectionable  from 
an  operating  standpoint. 
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Tlw  ,Paoi&!  Gas  au4  £Ieetria  Company's  system  is  the  nioat  compli' 
iWted  of  the  ieur  whiicli  hav«  been  iDveatiffated.  The  residual  correDti 
and  voltages  ar«  (thiefly  tnple  harawaics  aud  arise  from  the  Y-^oimected 
transformers  with  grounded  aeutrals.  There  is  an  interchange. of  third* 
hanoopio  0x011107  current  throughout  the  system,  since  Y-delta  banks 
ftinush  low  impedance  paths  to  ground  for  current  arising  froia  Y-Y 
banks  stHoetimes,  at  widely  sepanAed  points.  Residuals  of  mueh  lower 
magoitudeswnild.tie  observed  were  all  the  banks  delta  oonneeted  on  the 
low-tfffisicm  side.  :         .  f 

I ,  The  .r^udaal  voltage  of  the.  PaeiSc  Light  and  Power  Corporation's 
X5-kY.  system  is  chiefly  third  haxmonic.  This  is  due  to  the  traaaformeiB 
9t  IVer»oQ  which  «re.  operated  Y<delta  with  neutral  grounded.  Gon- 
oeetilig  the  generator  and  bank  of  atito-tronsformers  at  Bedondo  to  the 
system  praetioally  doubles  the  tbird-harmonie  residual  voltage  and 
current  at  San  Feroanda  aad  also  incnreases  the  higher  tri[de  harmonics. 

As  on  aU  aystemis  the  measuremeiits  were  made  at  but  a  few  loeations 
the  investigation  is  incomplete.  Additional  experimental  work  is  par- 
ticularly desirable  on  the  grounded-neutral  networks  if  specific  meas- 
ures for  reducing  their  residuals  are  to  be  proposed. 

Respectfnily  submitted. 

(Signed)     Livingston  F.  Fsbob, 
.     ,  Assistant  Field  Engineer. 

Attachubnt:  P.  I.  C.  Drawing  Xo.  327. 

In  faxB  or  Joint  ComfrrTES-.  Oscillorratos  Noi.  gOS,  960,  STl,  9T2,  9T4,  976, 
SIS. 

Appboted:  Auiiatit  2^  1&16. 

(Signed)     R.  W.  Mastick, 

Field  Engineer. 

Appsovkd:  August  31,  IMS. 

SuBCOMHtTTES  OH  TESTS, 

(Signed)     J.  E.  Wo(h»bb>se, 

Chairman. 

Joint  Committee  on  Inductive  Interference, 
(Signed)     Arthub  F.  Bridge, 

Secretary. 

January  8,  191T. 
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Technical  Report  No.  62. 

March  18.  1910. 

DOUBLE-FREQUENCY  VOLTAQE8  AND  CURRENTS  IN  A  THREE-PHASE 

TRANSMISSION  LINE. 

JsQuarj'  6-2t,  ISIG. 
OUTLINE. 
I.  INTRODUCTION. 

II.  DESCRIPTION  OF  TRANSFORMERS  AND  TRANSMISSION  LINE. 
A — TranaforiiieiB. 
B — TiBDsmicsioa  Line. 
III.  DESCRIPTION  OF  PHENOMENA. 

A — Line  Energiied  by  Star-Star  Connected  Bonk. 

1.  37}-kVA.   teat  bank. 

a~Imprea»ed  voltage  58  per  cent  normal, 
b — Impressed  voltage  50  per  cent  normal, 
c — Impreased  voltage  43  per  cent  normal, 
d — Impressed  voltage  29  per'  cent  normsL 

2.  SO-kTA.  teat  bank. 

e — Impressed  voltage  6B  per  cent  normal, 
b — Impressed  voltage  73  per  cent  normal. 
B — Line   Energized   by    Delta-Delta   Connected    Bank,      Grounded   Throngb 
Neatral  of  SUr-SUr  Connected  Bank. 
IT.  DISCUSSION. 

X.  bitrodnotioiL 

Incltided  in  the  program  of  work  at  San  Pemwido  were  some  tests 
requiring  that  a  star-star  bank  of  transformers  be  energized  from  its 
low-voltage  side  and  that  the  high-voltage  side  be  connected  to  a  37-mile 
isolated  transmifision  line,  the  line-side  neutral  only  being  grounded.  In 
the  course  of  a  preliminary  test  to  determine  the  fitness  of  the  equipment 
certain  abnormal  phenomena  were  encountered.  Energizing  the  system, 
connected  as  indicated  above,  was  followed  by  an  abnormal  noise  from 
the  transformers  continuing  usually  for  a  few  seconds. 

The  occurrence  of  a  disturbance  under  one  of  the  conditions  of  the 
proposed  tests  necessitated  a  delay  in  the  regular  program  pending  an 
investigation,  as  it  was  feared  the  eqaipment  might  be  damaged,  if  not 
already  defective.  The  tests  herein  described  and  discussed  were  made 
to  ascertain  the  nature  of  the  phenomena  and  to  explain  if  possible  their 
causes. 

It  will  be  observed  that  some  of  the  tests  give  no  evidence  of  the 
presence  of  double-frequency  components  in  the  line  voltagee  and  cur- 
rents although  large  unbalances,  of  odd  harmonic   frequencies  were 
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observed.  These  anbalauces  were  such  as  were  to  be  expected  from 
previous  experience  with  the  star-star  counectiou  with  no  provision  for 
stabilizing  the  neutral.  There  is  a  marked  difference  between  these 
effects  and  the  double-frequenej''  phenomena  which  form  th«  main  sub- 
ject of  this  report. 

IL  DMoriptiui  of  TranKforoien  and  Tnuumdssiim  Idne. 

A — Transposmees. 
The  tests  were  made  on  two  different  banks  of  core-type  transformers 
of  different  sizes  and  ratings  and  of  different  manufacture.  The  first 
bank  tested  is  of  Westinghouse  manufacture,  Type  SK,  37^  kVA.,  50 
cycles,  15000/7125-440/110  volto,  apd  the  other  of  General  Electric 
manufacture,  Type  H,  50  kVA.,  60  cycles,  22000/19800-2400/480  volts. 
These  transformers  are  more  fully  described  in  technical  reports  Nos. 
59  and  60.  Data  with  reference  to  the  exciting  currents  and  leakage 
impedances  are  there  given. 

B — TBANSMisetOM  Line. 

The  transmission  line  involved  in  these  tests  is  a  IS-kV.  circuit  of  the 
Pacific  Light  and  Power  Corporation,  extending  approximately  37  miles 
b.!yond  the  Joint  Committee's  sobstation  at  San  Fernando.  The  con- 
figuration is  vertical.  The  average  height  of  the  lowest  conductor  above 
ground  is  40  feet,  the  spacing  of  conductors  5  feet,  and  the  condnctora 
are  of  copper.  No.  2  B&S  gauge  for  217o  and  No.  4  B&S  gauge  for  79% 
of  the  length.  At  the  time  of  these  tests  the  line  was  not  transposed. 
The  distant  end  of  the  line  was  open  and  dear. 

The  direct  capacitances  between  conductors  and  between  each  con- 
ductor and  ground  are  given  below.  The  values  were  obtained  from 
measurements  with  an  impedance  bridge  on  a  short  section  of  the  line. 

C„  =  0.265  mfd.  C„  =  0.113  mfd. 

C„  =  0.223  mfd.  C„  =  0.116  mfd. 

C„  =  0.245  mfd.  C„  ==  0.068  mfd. 

Cio,  C,o  and  Cjo  are  the  direct  capacitances  between  the  conductors 
1,  2  and  3,  respectively,  and  parth,  and  d,  C,,  and  Cai  are  the  direct 
capacitances  between  the  conductors  indicated  by  the  subscripts.  Con- 
ductor No.  1  is  the  lowest,  No.  2  the  middle  and  No.  3  the  top  conductor. 

Computations  baaed  on  these  valnea  of  direct  capacitance  indicate  that 
it  is  necessary  to  supply  a  current  through  the  neutral  connection,  about 
5%  of  the  average  normal  chai^ng  current  per  phase,  in  order  to  main- 
tain equal  voltages,  120°  apart  in  phase,  between  the  three  line  conduc- 
tan  and  groimd. 
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m.  Z>«Bcrip1acm  at  Phenomena, 

The  tests  were  made  on  each  bank  of  transformeiB  at  sevefal  different 
impressed  voltages,  pifferent  effects  vers  observed  at  the  different  volt- 
ages, and  hence  the  results  ot  the  teats  for  each  tranaf prmer  bank  are 
described  separately,  according  to  the  voltage  at  which  the  test  was  made. 
In  each  ease  the  voltage  given  is  the  per  cent  of  normal  voltage  which 
would  be  impressed  oa  tite  test^buok,  if  Mted  volta^  w«re  ituiirASsed 
on  the  high-tension  side  of  the  supply  bank.  The  supply  voltage  varied 
and  was  in  general  from  5  to  10  per  cent  higher  than  the  rated  voltage. 

Prints  of  oscillograms  taken  under  various  conditions  are  given  and 
discussed  in  the  appendix  to  this  report. 

A — LiNB  ENrau3lzE3>  BT  Stab-Star  CoNNKcrao  Bank. 
1.  37^kVA.   Test  Bank. 

a.  ImpresMd  Voltage  U  Per  Cant  Normal. 
The  transformers  were  connected  as  in  Pig,  1,  drawing  No,  319,  the 
supply  bank  being  connected  for  15000-440  volts  and  the  37i-kVA.  test 
bank  440-7125  volts,  star-star,  with  neutral  grounded  on  the  line  side. 
Energizing  the  test  bank  and  transmission  line  by;  dosing  the  oil-switch 
on  the  station  side  was  accompanied  by  an  abnormal  noise  and  vibration 
of  the  transformers,  which  continued  for  several  seconds  after  the 
closing  of  the  oil-switch.  Measurements  of  the  voltages  to  ground  and 
of  the  currents  by  meter  and  oscillograph  showed  them  to  be  greatly 
distorted  and  iucreased  during  the  continuance  of.  the,  vibration,  A 
summaiy  of  the  main  features  brought  out  by  the  oscillograms  (appen- 
dix, pages  568  to  582)  and  by  meter  readings  and  observations  on  the 
tracing  table  of  the  oscillograph  follows: 

The  abnormal  phenomena  commenced  from  one-tenth  to  two 
seconds  after  the  teasing  of  the  oil-switch,  and  lasted  for  from  four 
to  fifteen  seconds.  Sometimes  there  was  a  short  recurrence  of  the 
condition,  but  in  general  it  was  over  by  the  end  of  the  fifteen- 
second  period. 

The  voltages  from  lines  to  ground  were  approximately  four-times 
normal,  and  were  composed  chiefly  of  double-frequency  components. 
The  double-frequency  components  did  not  exist  in  the  voltages 
between  lines,  which  were  of  normal  magnitude  and  fundamental 
frequency  with  the  exception  of  an  increase  in  the  higher  harmonics. 

The  residual  voltage  was  similar  in  wave-form  to  the  line  voltages 
to  ground,  and  of  approximately  three  times  their  magnitude  (about 
43-kV,).  Under  normal  conditions  the  residual  voltage  was  princi- 
pally third  harmonic  and  leas  than  10  volts. 

The  line  currents  were  also  greatly  increased  over  normal  values 
(2.5  amperes  as  compared  to  0.6  amperes)  and  were  made  up  chiefly 
of  components  of  double  the  normal  frequency  of  the  sjaton.  Theae 
double-frequency  components  were  in  phase  in  idl  three  Ime 
conductors.  /-•  i 
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Tke  residual  ennvntwas  ^pookimfttely  equal  in  magnitude  to 
the  Bumerical  aiim  of  the  three  lixi«  ooirents.  The  most  proajuent 
component  ^aa  of  double  normal  freq.ueticy.  Upder  normal  eoor 
ditionfi  the  value  of  the  residual  current  was  less  than  0.05  ampere 
and  principally  of  third-harmonic  frequency. 

Hie  voltages  between  supply  mains  of  the  stati^on  side  Were 
noraal.  The  voltages  from  mainB  to  neub^  and  tite  cnrrentB  were 
greatly  increased  and  distorted,  having  components  of  doraUe  fre- 
quency, similar  to  the  line  voltages  and  currents. 

Analyses  of  typical  oscillograms  of  line  and  residual  voltages  and 
currents  are  given  in  Table  I  below. 

TABLE   I. 

LIna  ■nd  Raaldual  Voltages  and  Curranta. 

Analyaaa  of  OaelilogNiim. 


OsctUoKruK  No. 


A  test  made  with  the  same  impressed  voltage  per  coil,  changing  the 
low-voltage  coils  in  both  the  supply  and  test  banks  from  series  to 
parallel,  gave  results,  as  ascertained  by  inspection  of  the  wave-forme  on 
the  tracing  table  of  the  oscillograph,  identical  with  those  described 
above. 

It  was  thought  that  the  difficulties  wbioh  these  phenomena  presentied 
might  be  obviated  by  energising  the  test  bank  and  line  witib  the  neutral 
iaidated,  and  then  grounding  the  neutral.  Energizing  the  system  in  Hob 
manner,  however,  the  abnormal  phenomena  occurred,  upon  grounding 
the  neutral,  as  regularly  and  with  the  same  intensity  and  character- 
istics, as  when  the  switching  was  done  with  the  neutral  grounded. 

b.   Impreaiad   VOltaga   50   Par  Cent   Narmal. ' 

For  this  tept  the  transformers  were  connected  as  in  Fig.  2,  drawing 
No.  319.  Effects  similar  to  those  which  occurred  with  58  per  cent 
normal  voltage  impressed  were  observed  {by  meter  readings  and  by 
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inspectiou  o£  WAve-form  on  the  tracing  table  of  titx  OMillt^aph)  when 
the  line-side  neutral  wbb  pounded  and  the  etation-side  nentrala  not 
interconnected.  If  the  two  station-aide  neutrals  were  interconnected 
stable  conditions  resulted.  During  the  abnormal  condition  the  voltage 
between  station-side  neutrals  was  approximately  90Q  volts,  while  under 
normal  conditions  the  voltage  between  neutrals  .wai  of  n^igible 
luagnitade. 

c.  ImpreMad  Voltag«  43  Per  Cant  N'armal. 

The  connections  for  this  teat  are  shown  by  f^g.  1,  drawing  No.  319, 
the  supply  bank  being  connected  330-volt£  delta  qn  the  station  side.  The 
abnormal  effects  observed  upon  the  closing  of  the  oil-switch,  the  line-aide 
neutral  of  the  test  bank  being  grounded,  were  very  different  from  those 
observed  at  the  other  values  of  impr^ased  yojtage.  The  vibration  was 
less  violent  and  of  longer  duration  than  was  observed  with  58  per  cent 
or  50  per  cent  normal  voltage  impressed.  The  voltages  to  ground  of  the 
three  phases  were  greatly  unbalanced,  the  highest  voltage  being  some- 
times on  one  phase  and  sometimes  on  another.  Occasionally  there  would 
be  no  abnormal  noises  upon  energizing  (through  the  oil-switch  as  usual) 
the  transformers  and  line  and  the  voltages  from  lines  to  ground  would 
all  be  normaL  Table  U  below  gives  a  number  of  voltage  readings.  The 
oil-switch  was  opened  and  closed  between  each  set  of  readings.  It 
should  be  observed  that  the  highest  voltage  appeared  on  different  phases 
at  different  times. 


No.  gf  awLtchlm 


•No  vibration,  condltlona  normal. 

The  line  voltages  to  ground  were  chiefly  of  fundamental  and  third- 
harmonie  frequency.  The  double  frequency  components,  if  present, 
were  too  small  to  be  detected  by  inspection  of  the  oscillogram  (No.  733, 
see  appendix,  page  584)  taken  during  this  test.  The  residual  voltage 
was  ot»Bf>osed  of  fundamental  and  third  harmonic,  and  was  approx- 
imately 19  kV. 

Observations,  on  the  tracing-table  of  the  oscillograph,  of  the  currents 
in  the  low-tension  supply  mains,  showed  that  the  current  in  the  main 
to  which  the  transformer  having  the  highest  voltage  was  connected,  was 
approxijnately  opposite  in  phase  to  the  currents  in  the  other  two  supply 
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matD8.  Unbalance  effects  similar  to  these  were  observed  in  later  tests 
on  the  game  bank  of  transformers  and  are  recorded  and  discussed  in 
technical  reports  Noa.  59  and  60, 

d.   ImprsHBd   VolUga  10  Per  Cent   Normal. 

Connections  were  made  as  in  Fig.  1,  drawing  No.  319,  the  supply  bank 
being  connected  220  volts,  delta  on  the  station  side.  Switching  under 
this  condition  was  followed  by  noise  and  vibration  less  frequently  and 
of  less  violence  than  58  and  50  per  cent  normal  voltage  impressed.  No 
observations  taken  under  this  condition  are  recorded. 
2,  SO-kVA.  Test  Sank. 

a.  Iiapraaaad  Volt*fl«  K  P«)>  Cent  Normal. 

The  50-kVA.  trfmafonners  were  ooonceted  as  shown  by  Pig.  1, 
drawing  No.  319.  The  supply  bank  was  connected  delta-delta  12980- 
330  volts  thus  impressing  approximately  55  per  cent  of  normal  voltage 
(50-cycle  ratii^)  on  the  test  bank.  Switching  camed  vibratioB  of  the 
SO-kVA.  bank  rather  infrequently.  During  tha  period  of  vibration  the 
line  v(dtages  and  currents  were  distorted  and  contain«d  double-frequency 
oomptments.  It  was  found  passible  in  t^s  case  to  enei^se  the  trans- 
former bank  without  the  appearance  of  any  abnormal  phenomena  by 
closing  the  oil-switch  first,  aiid  grounding  the  line-side  neutral  after- 
wards. Prints  of  oscillograms  taken  under  this  condition  are  given 
and  dificossed  in  the  appendix  (pages  585  to  &89). 

b.  lni0r«M«d  Voltag*  73   Par  Cant   Normal. 

When  the  supply  voltage  was  increased  so  as  to  impress  nominally  78 
per  cent  normal  voltage  on  the  test  bank  the  vibrations  aocompanyin; 
the  closing  of  the  oil-switch.  Hue-side  neutral  being  grounded,  were 
greatly  increased  in  violence.  The  ventages  from  lines  to  ground  were 
increased  in  magnitude  and  distorted,  containing  large  double-frequency 
components.  The  abnormal  condition  occurred  whether  the  neutral 
grounding  switch  was  closed  before  or  after  the  closing  of  the  oil- 
switch.  No  oscillograms  were  taken  under  this  condition.  This  desorip- 
tion  is  based  on  meter  readings  and  inspeetion  of  the  \vave-fonns  on 
the  tracing  table  of  the  osolllograph. 

B — ^LiNE  £H£Rei£a>  by  DaLrA-DEa-TA  Conwictep  Bank. 

Orounded  Through  Neutral  of  Star-Star  Connected  Bank. 

The  arrangement  shown  by  Fig,  3,  drawing  No.  319,  was  suggested 

as  a  possible  method  of  avoiding  the  double-frequency  phenomena  in 

operating   a   star-star   bank    of   transformers    with    line-side    neutral 

grounded.    The  arrangement  was  tested  at  two  different  voltages. 
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Switching  at  rated  voltage  of  the  50-kVA.  bank  caused  distorted  line 
voltages  and  currents  and  abnormal  noises  from  the  50-kVA.  bank. 

It  was  not  possible  to  distinguish  double-frequeney  components  by 
inspection  of  the  wave  shapes  on  the  tracing  table  of  the  oscillograph. 
No  oscillograms  were  taken  at  this  voltage. 

The  impressed  voltage  was  then  raised  to  15%  above  normal  voltage 
of  the  50-kVA.  bank  with  the  transmission  line  disconnected.  The  vibra- 
tion accompanying  switching  at  this  voltage  was  violent  and  continued 
as  long  as  the  transformers  were  energized.  Double-frequency  com- 
ponents were  present  in  the  line  currents  and  voltages  as  was  the  case 
when  the  star-star  bank  was  used  to  energize  the  transmission  line. 
Oscillt^rams  754  and  755  w«re  taken  under  this  condition  and  are 
included  and  disouBsed  in  the  appendix  (pages  591  to  59S). 

IV.  Digonnion. 

No  adequate  explanation  of  the  causes  of  these  phenomena  has  been 
advanced.  The  tests  described  and  discussed  above  have  demonstrated 
that  the  phenomena  are  not  due  to  any  defects  in  the  truisformen!,  but 
rather  to  the  type  of  connection,  8tar.fltar  connected  transfonners  frith 
the  neutral  grounded  on  the  line-side  only  and  tranamiasion  line  other- 
wise isolated  from  ground.  Tests  were  conducted  on  two  separate  banks 
of  transformers  of  different  ratings  and  of  different  makes,  and  abnor- 
mal phenomena  were  observed  in  both  cases.  The  insulation  of  the 
37^-kVA.  transformers  was  tested  by  impFeasing,  between  the  hi^- 
voltage  windings  and  cores,  a  voltage  greater  than  any  encountered  in 
tlie  tests.  The  individual  traoKformers  of  the  37i-kVA.  bank  were 
likewise  tested  for  loose  iron  and  loose  coils  by  energizing  with  five- 
times  full-load  current.  None  of  the  transformers  showed  any  Bigns 
of  distress  under  either  of  these  tests. 

Transformer  connections  similar  to  those  employed  in  the  series  of 
tests  described  in  this  report  were  used  in  the  tests  described  in  tech- 
nical reports  Nos.  59  and  60.  There,  however,  the  tranawiaaion  line  was 
transposed,  a  transformer  bank  was  connected  to  the  line  at  the  distant 
end  (Soinis)  and  the  switching  was  done  with  the  neutral  of  this  latter 
bank  grounded.  This  bank  was  in  interconnected-star  on  the  line-side 
and  delta  on  the  station-side.  After  the  system  was  energized  the 
neutral  at  the  distant  end  was  isolated.  When  the  oil-switch  at  San 
Fernando  was  closed,  with  the  line-side  neutral  grounded  and  the  Somis 
neutral  isolated,  abnormal  noises  indicated  the  existence  of  a  disturb- 
ance. No  obser\'ations  were  taken,  however,  at  such  times  during  these 
later  tests.  It  was  possible  to  reach  higher  densities  before  the  disturb- 
ance occurred  than  in  the  tests  recorded  in  this  report,  due  possibly  to 
the  improved  balance  of  the  transmission  line. 
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From  the  results  of  the  tests  herein  recorded  and  from  those  made 
after  transposmg  the  line,  it  is  to  be  expected  that  the  characteristics 
of  the  pbeaomena  will  vary  with  different  sizes  and  types  of  trans- 
formers and  with  the  extent  and  degree  of  unbalance  of  the  connected 
trsasmission  system. 

So  far  as  is  known  there  is  no  published  record  of  the  occurreoee  of 
^milar  phenomena  in  other  instancAK.  Tbis  is  somewhat  surprising 
as  it  seems  probAble  that  conditions  approximatiiig  those  of  this  test 
must  have  occurred  previously  either  by  accident  or  design.  Although 
this  arrangement  of  connections  is  not  used  in  conunercial  installations 
it  is  nevertheless  believed  that  this  subject  is  of  considerable  interest 
and  perhaps  importance  to  power  engineers.  Since  the  occurrence  of 
these  phenomena  is  evidently  extremely  rare,  they  do  not  seem  of  suffi- 
cient importance  from  the  standpoint  of  inductive  interference  to  justify 
an  extended  studj,  and  this  record  is  therefore  presented  for  whatever 
value  it  may  have  to  members  of  the  Committee  or  others  who  may 
desire  to  pursue  the  subject  further  from  a  purely  scientific  standpoint. 

Respectfully  submitted, 

(Signed)     Livingston  P.   Ferris, 
Assistant  Field  Engineer. 
ATTaciiuen-t:  F.  I.  C.  Drawing  No.  310. 


.\PPB0FED :     SiH.r  25,  1916. 


(Signed)     R.  W.  JLvstick, 

Field  Engineer. 

Subcommittee  oh  Tests, 
(Signed)     J.  E.  Woodbridge, 

Chairman. 

Joint  CoMMrrTBE  on  Inductive  Intebterence, 
(Signed)     Arthir  F.  Bridge, 

Secretarj'. 
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Otelllogram   No.  T04. 

Abnormal  Condition. 
Three  lino  currenlB. 

Prominent  second  tiarmontc  In  phase  In  all  three  (i.  «.  Reddual). 
Approximately  i.G  aroperea  per  phaa& 
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Abnondal  Coadltfon. 


ythratoT  tto.   t.  Termor  Wo.  S. 

ReatdBBl  votta^.  ReaMnal   eun^nt      Princl- 


••-CTCle  nmlBK  -WBT--  Pfiactpaltr     sm^ikI     li»r-         pally  »econd  and  slzth  har- 

monic.    43  kV.     (B«e  anaty-         monies.      8.S   amperoK      (Sm 
•Is  Civeo  In  report,  paxe  Gil.)         analysis     given     In     report, 

tage  Gtl.) 
Compare  Irith  Oae.  No.  T£:.    ' 
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V( 
Voltoa 

PjlnclpaJ, 
IS  kV.  a 


Vlbrmtor-Noi,  t. 

/oltoae  vh^as'  I  tp  ground. 

PjlnclpaJly  .seooiid  Jiannonlo- 
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Normal  Condttfon  (after  abnormal). 

Vtbrat'or  So.    t.  Vibrator  No.   S. 

VoItBKe  phaw  I  to  K^ound.  Current    phase    1.      Prlncl- 

PrBCtipally  pun  fandametital.  pally      funi3amenlnl.        Small 

4.1    kV.    approx.  eleventh    harmonic. 

Compare  with  Osc.  No.  TtD  and  No.  711. 


ovGooi^Ic 


m 


_  _     1.                                     rthrattrr  No.  ».  FIbrator  Wo.   S. 

GO^ycIs  timlitc  wave.                     VollaBa  phaiP  2  to  Kround.  Current  phase   Z.     Promt- 

Princlpally    •econd   hanDonlc.  nent    ninth    and    second    ha^ 

H    kV.       (See   analyala  Klven  raonlc.       2,G    ainperea.       (See 

In  report,  page  GSI.)  analyala  glv«n  tn  report,  page 

Compare  with  Osc.  No.  TIO. 
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Vibrator  So.    1. 
Voltage  pha«e  1  to  BT 
IS  kV.  approx. 


Vibrator  JTo'. 
Voltage  pliBK  3  I 
16  kV.  approjt. 


ground. 

ptiaBca.    ' 
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VlbrtUor  Koi   t.                                 Vibrator  So.  t.  Vibrator  Wri.   S. 

VoUase  phase  1  to  ground.               Valtase  phase  3  to  grtfund.  Vollnse  pha»e  3  to  Bround. 

.1  kV.  approx.                                    *.l   kv.  opprox.  4.1    kV,    apprnx. 

Pundnmenlal  and  low  har-                 Fundamental  and  low  har-  Fundamenlnl  and  liiw  hur- 

Conipare  with  Ohc.  No.  71T. 
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Occlllogram  No.  719. 
Be^nning  of  BDnontial  condition. 
VoltaBSfl  of  three  .pbaeeB  to  gmund. 

(Phaaea  In  order  o(  vibrator  numberB.) 
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im>UCTIVE  INTERFERENCE. 


Vibrator  No.   «,  Vibrator  No.    3. 
R«BlduHl    valtage.      Princi-                Residua]    current,      princi- 
pally  third    hnrtnonlc.     Less  pally   thtrd   harmonic     Lew 
than    It    volts.  than  0,06  ampere- 
Compare  with  Osc.  No.  707. 
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Tibrator  ITo.    ; 
Compare  with  0»c.  No.  7J6. 


„-      y.  „      ytbratOT  ITo.    t. 

Vibrator    r<o.      ^^^f,^  VoltaKe   phase   2    to  pbaM 

}|US«  P"?^„™onic.  ;■       F^maamental     and    Dish 


harmonlo.      No    second    har-  . 
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Normal  Condition  (after  abnormal). 

Vibrator  Na.   i.  Vibrator  No.   ». 

.1 _t_..  ... 1 — J  VoUaSft  phase  Z  to  phOM 

3.    No  second,  har^oi^c.. 
Compare  vlth  Obc.  Nd.  IH. 
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.OaclllogrjLin  No,  738. 

AbuocmaT  condition. 

Vibrator  .So.   1.  Vtbrotor  J»«.  ■».                                 -VU/rAtorKa.  3. 

Voltaea   buB."A"    to   neu-  VolUge    bug    "A"     to    bua  ,     Current  bus  "A.".  .Proml. 

ral.     Prominent    aecona  har-  "C.          Almost     pure     futida-  npnl  aecoril.  ljnni"»ol<^-      '      ■ 

nonlc      Small     fundamental.  mental. 

Compare  with  Osc.  No.  729, 
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Vibrator  Wo.  «.  Vibrator  No.   S. 

Voltage    bus    "A"    to    bus  Current  bua  "A."  Fund*- 

"C."     Fundamental  only.  menial,   hHrmonlc»  Bcnoll. 

Compare  with  Osc.  No.  728. 
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XDVCTIVE   INTERFERENCE. 


Abnormal  Condition. 


Third  harmonic  prominent. 

Same  circuit  constants  In  all  three  \ 

Allow  ±  5  per  cent  for  dllterenc^a  In  aensltlvlcy. 

By  meter  rcadinga  phaae  1  waa  3000,   phaae  2  waa  8840,  and  phase  i  wae  8380  volts  durlns 


I   among   the   voltages   from   the   thre«   line   conductora   I 
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IHDUCnVC  INTEBFSREKCE. 


Oselltogram  No.  TBO. 


Vibrator  No.   ». 

_  _  60-cycle        timing        HKtK 

t  Btoond  harmonic.  nent  second  harmonln.  Prom-  Some  second  harmonic 

Inent  sixth  harmonic. 

>  the  Padflc  Light  and  Power  aystem  M 
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TBCHNICAL  REPORT  f 


Abnormal  Condition. 

Tiliralor  No.   X. 
'oltage  phase  2  lo  ground. 


The  comparatively  larse  amount  a 
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;'nVE  INTKHKF-ltKNfJK.,. 


The   whole   length   Ot   fllm    represents  about   4    periods  o 
second :   the  same  time  oh  required  for  Osc   Mo.   '53.  so  the  tlml 
Obc.  No.  753  may  be  used  tor  Btiidylnfc  (requency  and  h ' — 
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'iNi>0'ctiVte'4NTraPLTtEfN^f:.' 


Vibrator  No.   1.  VibTotor  No.   t.  Vibrator  No.   8. 

Voltage  phase  1  to  ground.  VoUobo  phase  2  to  groiinil.  60  -  cyclo       timing       wave 

Prominent    second    liarmonic.  Prominent    seconil    harmonic.  bIiowb.  test  affected  P.  I.  A  P. 
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Vibrator   Ka.    1. 
RMldunl  voltage.      Proml- 
lant  mcond  Iiarmiintc. 
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TECHNICAL  B»PO«T  fO-^O. 


Technical  Report  No.  63. 
Much  8,  ine. 

STANDARD  FORMS  FOR  RECORDINa  DATA  AND  COMPUTATIOM*.  ' 

L  Introduction. 

At  differ^it  times  during  the  course  of  the  inrestigstioD  by  this  Com- 
mittee it  has  been  deemed  advisable  by  the  field  WBUUMtwn.  t»  develi^ 
st«ndard  forms  for  Byatematically  recordiag  the  data  and  eompntations 
iuTolTed  in  frequently  recurring  types  of  work.  This  tendency  towards 
the  development  and  use  of  standard  forms  has  very  natur^y  increased 
as  the  work  became  better  organized,  and  aa  greater  familiarity  with  the 
coDditions  to  be  met  was  gained  through  experience. 

Dnring  the  oourse  of  work  at  San  Fernando  the  development  of 
standard  forms  was  carried  forward  so  as  to  provide  sueh  means  of 
recording  the  data  and  computationg  incident  to  practically  all  com- 
monly occurring  tests. 

It  is  the  purpose  of  this  report  to  transmit  copies  of  the  varioas 
standard  forms,  to  describe  them  briefly,  and  to  discuss  their  uses  and 
advantages. 

n.  OopiM  and  D«wiiption  of  Standard  Torms. 

Copies  of  the  following  standard  forma  are  included  herewith. 

T1U«  of  lOTtn.                                                                                                      Form  N».  (  P.  1.  C. ) . 
Record  of  Orcillognim 282 

Record  of   (Calibratira)    OMillosram 281 

Bchedole  for  e-Ordinate  HBrmonic   AiratyilB 191 

Scfaedak   for   IZ-OrdlBate   Harmonic   AnalysiB. 239 

Schednia  for  IS-Ordioate  Harmonic  AnalfBia. 

Sheet  No.  I— origiDat  data,  resnlts  and  cbeok.     (Printed.) 
Sbeet  No.  2 — pomputaliona.     (Printed.) 
Scb«du1e  for  Se-Ordinate  Hannonle  AoalyalB. 

Sheet  Nol  1 — oiiciDal  data  and  reiulta 129 

Sheet  No.  2— conpntatiiwa 16*  and  155 

Sheet  No.  8— check 197 

Record  of  Circuit  Computslions 245 

Record  of  Harmonic  Analrala  b;  B«MtBaiit  Shunt . 1-4. 2S5 

Record  of  Harmonic  Comparitona  br  Resonant  Shunt 1. .. — . 25Q 

Record  of  Meter  Meamrements   (amsll) 235 

Rwerd  of  Meter  MeMaiCTnenU   (large) 238 

Record  of  Noise  MeaanrenjenlB ■ ---—^^^ 236 

Record  of  Ingulation  Meaauremente 23t 

Record  of  Capacitance  and  Conductance  Unbalaace  Measurements 237 

Record  of  Impedance  Measurements 246 

Following  are  brief  descriptive  notes  and  comments  concerning  these 
forms; 
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TBC^if^iii;  flHi?oji;^,jHq, .  ti^ 


RECORD  OP  OSCILLOGRAM. 
(P.  I.  0.  No.  282.) 

This  form  is  used  for  recording  tbe  data  of  all  oBCiUosraniB  except  tbose  taken  for 
purposes  of  calibration,  for  which  a  special  form  is  provided.  The  number  of  the 
oscillosrani,  date,  time,  place,  name  of  test,  and  general  conditions  are  recorded  In-  tbe 
tipper  riBht-hand  comer  and  across,  the  t<^.  Under  the  beadlnf  of  "Data"  there 
are  three  columns,  one  for  each  yibralor,  for  recording  tbe  corresponding  snblecfs 
(line  Toltage,  residual  current,  induced  ciwreot  in  telephone  circuits,  etc.),  circuit 
constants  and  meter  readings  of  the  yottages  or  consota  ot  which  the  oscillogram  fa 
taken,  notes,  and  commentH  regarding  the  analyms  of  the  different  waves.  In  order 
to  malie  the  reference  to  ciKuit  constants  clear,  a  circuit  diagram  ia  shown,  Indud- 
Ing  all  appamtuB  commonl;  naed  in  taking  OHcillograms.  If  tbe  apparatus  referred 
to  is  not  in  circuit  the  corresponding  space  in  tbe  record  Is  mailed  with  a  cross. 
Provision  is  made  for  entering  the  corrected  values  of  tbe  circuit  constants  and 
meter  readings,  when  later  determined  from  calibration  data.  "General  Eemaiks" 
applying  to  the  oscillogram  as  a  whole  follow  tbe  table  of  data  concerning  the  Indi- 
vidnal  vibrators.  The  circuit  diagram  and  spaces  for  refcrenoe  b;  number  t^  calibra- 
tion oscillograms  and  for  iaitiala  of  opefator -and  recorder  ocenpy  tbe-bott<m  of  the 
form.  It  is  the  duty  of  the  operator  to  check  the  accuracy  and  completeness  of.  the 
tbe  record.  The  recorder,  subsequent  to  the  test,  enters  the  corrected  Tahiea  of 
drcnit  constants  and  meter  readings.  After  completion  of  the  analpsU^  the 
measured  print  of  the  oBcillogram  is  mounted  on  the  back  (tf  the  record  sh^t    . 
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INDUCTIVE  INTEKFERSNCE. 


CALIBRATION 


\  AL.TCBHAT1H«  CUBKCNT Cl 


"rr 


K  ■■^■^^  (■OROWECTCUHRIHT);    1C-|<-  1^*i.TWH».TimeUMI«NT) 
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RECORD  OF  (CALIBRATION)  OSCILLOGRAM. 

(P.  I.  C-  No.  287.) 

ProTlaion  te  made  for  the  mnnber  of  the  oBdllogram,  date,  time,  place,  name  of 
test,  whether  cftlibratiOTi  is  with  direct  or  altematine  corre&t,  and  if  tbe  latter,  the 
frequency  in  cycles  per  second;  also  the  value  of  the  oscUk^traph  Qeld  current  and 
vibrator  current  The  deflectionB  are  meaBured,  for  each  vibrator,  from  a  print  of 
tha  oMCillDgran  and  entered  in  the  spaces  prorided  and  the  vibrator  constant  com- 
puted (from  formulas  given)  and  recorded.  The  numbers  of  the  oacillOKiamB  to 
which  the  calibration  applies  are  entered  as  a  part  ol  the  record.  ProviaEMi  is 
made  for  remarks  and  the  initials  of  the  operator,  recorder  sndcompater.  Bpace 
is  provided  for  movnting  the  print  of  the  oecillOKram  on  the  face  of  the  record  sheet 
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tbchhigazj  rbport  mo.  «I. 


SCHEDULE!  FOR  eORDIKATB  HARUONIO  ANALZaiS. 

(P.  I.  O.  No.  194,) 

This  form  pzovidea  oa  one  sbeet.  for  the  Baalysis  of  wftves  where  it  is  tessonafalj 
cartain  that  the  bannonics  ahove  the  fifth  are  negligible..  The  method  ii  ainrfUr  to 
th«t  dorcribed  ht  technicaiTeport  ,Ha.  41  (or  18'  orfflnates.  Space  ia'  prpviiied  for 
the  original  data,  conaJBting  of  the  6  measured  oCdinatts,  the  uecesrat?  computa- 
tiotMt  the  Kaalla  aad-a  eheck  «§  tbe- aDal^Biai  Qnjj'add  haiwiiiia  are  coDaidered. 
A«  thia  acbedale  requires  less  time  than  thoae  based  an  a  larger  nnmber  o(  ordinate! 
it  ahunld  he  used  wlienefei  Xhn.abgAioa.ot  hanBoniB»'*bova  ib«-6itk  permitf .     ' 
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J-C1.I.  RECORD  or  ANALYSIS 
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TBCUNICAlr  RBPORT  NO.  U. 


SGHBDULB  rOB  12-ORDINATB  HARMONIC  ANAL7&IB. 

<P,  I.  C.  No.  289.) 

ma  fbrm  prorldM  on  ods  alieet  for  tfae  tnalrii*  of  a  w&ve  In  wbfch  the  hamonla 
abore  the  elerentb  tee  ncgllflble.  Only  odd  bannonlca  are  cooaldered.  FroTidoa 
ia  nude  for  m  cheek  of  tbe  analTslB.  The  use  of  the  form  ia  aimllar  to  the  n«e  of 
the  l&onUnato  (onnc  described  In  technical  report  No.  41  but  the  time  required  ii 
aomewlMt  leaa. 
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INDDCnVB  INTBIRFERENCB. 
CURVB  NO VIBRATOR  NO.-. 
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TBCHNICAL  BZIPOST  NO.  (t. 


SCHEDULE  FOR  IS-ORDINATE  HARMONIC  ANALYSIS. 

(2  Printed  Forma.) 

Sheet  No.  1 — Provision  Ib  made  for  the  original  data  (mumred  ordlnatee),  i 
portion  of  the  compntatioiu,  the  final  resulta  and  a  che<l  of  the  analyaia.  This 
foiTD  Is  limited  la  Its  use  to  waves  coDtaialng  oal;  odd  hannonia  not  higher  than 
tbe  aeveoteentb.  The  harmonic  analyaia  of  waves  bF  the  use  of  this  form,  in 
conjanciioD  with  She«l  No.  2,  is  described  In  detail  In  technical  report  No.  41. 
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606  INDUCTIVB  INTBKFEBZNCE. 

CURVE  NO. VIBRATOR  NO.-. 
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TECHNICAL  Be:POfiT.NO.  M. 


SCHEDDIuE  FOR  IS-ORDINATE  HARMONIC  ANALI8IS. 

(2  Printed  FomK.) 

Sheet  No.  2—Vpoa  this  sheet  a 
Pourier  eoefficieuta  as  described  ii 
coDJunction  with  Sheet  No.  i. 
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TBX:HMia»I.  HIOPpRT  NO,  U. 


SCHEDULE   FOR  36-OBDINATE   HARMONIC   ANALYSIS. 
(8  ■heete.J, 

The  tim«  reqaired  for  die  analfsU  of  a  wave  by  the  36-ordiuate  Bdiedule  ie, 
roughly,  three  time*  that  reqnired  for  the  18-ordinate  schedule.  The'SG-ordlnate 
schedule  should  therefore  not  be  used  uuleaa  the  presence  of  harmonicB  of  a  higher 
order  than  the  sevenCeenth  makes  it  necessary.  This  schedule  was  the  first  developed 
for  use  in  the  Committee's,  work.  The  other  schedules,  samples  o£  which  have  been 
given,  were  developed  in  order  to  shorten  the  time  required  for  analysis  in  esses 
where  this  longer  schedule  was  not  necessary.  All  of  these  schedules  for  harmonic 
analysis  are  based  oD  well  known  principles  and  are  to  a  large  extent  adaptations  of 
previously  published  forms. 

Sheet  No.  1  (P.  I.  C.  No.  128) — Tliis  form  provides  for  a  record  of  measured 
OTdinates,  final  results  and  part  of  the  computations. 
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INDUOTIf'B  INTERFERENCE, 


SCHBDDLE  FOR  ae^RDlNATB   HARMONIC  ANALTSIS. 

Sheet  No.  2  (P.  I.  C.  Nos.  154  and  155)— PrOTiaion  is  made  oa  theae  forma  for 
most  of  the  computatioDs  ioTolved  in  determinins  the  17  aine  and  IT  cosioe  coeOcknta 
Id  the  Fourier  aeries  represeatiug  the  irregular  wave. 
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INDUCTIVE   INTERPKRENCE. 
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TBCRKICiX  REFOBT  NO.  U. 


8CHBDDLB  FOB  S6-OEDINATB  HABMONIO  ANALYSIS. 
(3  sheeta.) 
Kieet  3  (P.  I.  0.  N«.  197>— Tbia  (orm  la  used  in  checking  the  anRlysLi 
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TBCHHICAI.  KBPORT  NO.  M. 


RECORD  OF  CIBCDIT  COMPUTAXIONS. 
<P.  I.  a  No.  24fi.) 

TUa  form  Is  u«ed  for  determtntas  tba  Teluea  In  electrfcal  nnltB  of  tbe  Tkrlou* 
bArmonlca  of  tb«  voltage*  uid  currents  from  tlie  T«aiUti  of  the  harmonic  analyM*  of 
tht  wafts,  the  vibrator  ronstauta  as  determined  b;  callbnttlou  Mciilograma,  and 
tb*  corrected  demit  coaataiits  (iven  on  the  origmal  record  of  the  oaclllofram. 

The  aubject  lor  akob  ilbrator  ia  copied  from  the  rec«rd  made  at  the  time  Oi* 
oselllosraiii  was  taken.  The  corrected  ciKQlt  conatanta,  fnclndbiK  the  Tibrstor  con- 
■tonta  (K,)  are  entered  in  the  colnmn  headed  "Corrected  Conitantt."'  Thfc  corrected 
mater  leading  of  the  qnaotlty  measured  ia  aleo  entered  for  comparlaon  with  the 
E.  8.  W.  valaea  as  t^ven  b;  the  oacillograin.  The  compntAtloDB  for  the  indiTtdaal 
bannoulca  art  Carried  out  boriiontall]'  lenm  the  form.  From  (be  reeolta  of  the 
analjaea,  the  maiiman  ralnee  of  the  faarmontee  tn  tenua  of  t^  ualta  need  In  meaa- 
nring  the  or^Datee  of  the  watea  and  the  caJibratlon  oacillivrama,  art  placed  in  the 
colnmii  headed  Cp.  The  headlDga  of  other  columne  to  the  right  of  that  headed  Ci  are 
left  blank,  to'  be  appropriately  filled  In  to  Indicate  the  steps  in  the  eomsutatlataB 
for  tbe  paiticnlBr  circuit  arrangemeat  used  with  each  Tibrator. 

The  form  Ui  designed  lor  tbree  wave*  with  harmonica  not  Jiigber  titan  tbe  aartii- 
te^th,  which  Ib  ordlaaii);  inAeient 
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TBJCHNICAIi  BBPORT  NO.  U. 


RECOBO  OF  HABUONIC  .ANA.LTSI8  BT  BEeONANT  SBtTNT. 

(P., I.  C,  No.  255.) 

This  form  provides  for  a  complete  recoM  of  the  data,  convatfttiom  and  reealta  of 
two  barmoDic  aiialjBee  made  b;  mecuis  of  tbe  reaonant  abunt,  the  pnnclples  and  uae 
of  wliieh  are  described  \a  technical  report  No.  41.  I^  dtcnit  diagram  with  Cipla- 
natioD  of  the  notation  used  and  the  neoeasai?  formulas  for  reduetioD  of  the  data  are 
givcD  on  tbs  form. 
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BBGORD  OF  HARMONIC  COMPARISON  B¥  BH80NANT  SHtmx. 

tP.  I.  C.  No.  856.) 

It  is  iometiines  desirable  to  make  a  direct  comparlion  ot  the  magnitudes  of  cor- 
responding iiarmonlci  ot  two  related  Quantitiea,  as  Tor  exAmpIpe,  hannonics  on 
primar;  and  secoDdar;  sides  of  cunent  traasformers  for  ratio  calibrations,  -and 
harmonics  of  residual  current  of  a  power  circuit  and  loncitudiual  electromagdetic 
induction  in  a  parallel  communicatiou  circuit.  Where  a  Itnovrledge  of  the  abaolnte 
magnitude  of  the  two  quantiti^g  is  not  essential  their  ratio  can  be  determined  more 
accarately.  when  tlie  lesonaat  shunt  Is  used,  bj  the  method  of  direct  comparEson. 
Tbii  form  provides  apace  tor  a  record  of  the  data,  cotnput&CioaB  and  the  results  of 
two  sncb  comparisons.  The  use  of  tbe  form  will  be  apparent  from  the  notation  at 
the  heading  of  the  columna,  the  (Circuit  diagram,  and  the  formulaa. 
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RECORD   OF   HETBR   MEASUREMENTS    (small). 

(P.  I.  O.  No.  235.) 

This  form  provides  siMce  for  16  oets  of  Himultaneous  meter  readiDga  of  seven 
quantities.  The  date,  place,  name  of  teat  and  general  conditions  are  entered 
at  the  top.  At  the  beading  of  each  column  of  readings,  space  is  provided  for  the 
type  and  Dombw  ot  eho  DieCer,  and  the  type  and 'mtW'of  tbe  instrument  ttaus- 
fonner,  as  well  as  the  description  of  the  quanti^  measured.  The  readings  are 
.entered  in  the  upper  left-hand  quarters  of  Che  unit  spaces.  The  corrected  readings 
are  BDbseqoendr  aiteietl  in  the  lower  left-hand  quaiters  and  the  tesolta  in  the  ti^t- 
band  balf  of  each  column,  taking  into  account  the  instrument  transformer  rB.tio  anil 
maltiplfing  factor,  in  case  a  multiplier  was  used.  At  the  right  of  the  seven 
columns  of  meter  readings  data  concerning  the  use  of  a  multiplier  are  entered. 
Maltii^er  data  may  apply  to  an;  one  of  the  quantities  measured  and  proTisi(Hi  Is 
made  for  croes-refereDcea  Indlcatinc  those  readings  witli  which  a  multiplier  was  osed. 
The  capital  lettera  dedgnating  columos  are  intended  particularly  for  this  purpose. 
A  column  is  provided  for  references  to  oscllloKramB  taken  duriog  the  test.  Notes 
applying  to  individual  sets  of  readings  are  placed  in  the  extreme  right-band  column. 
References  to  calibration  data  concerning  meters,  instrument  transformers,  and 
mnltlpIierB  are  entered  in  the  space  provided  in  tbe  lower  left-hand  comer.  A  small 
■pace  Is  provided  for  general  remarks.  I%e  names  of  the  observers  and  tbe  signs' 
tures  of  Che  recorder  and  computer  complete  the  record. 
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BKOOBD  or  HBTER  MBASDRBHBNTS  (luia>. 

{P.  1.  C.  No.  238) 

^b  torm  la  atmllu  to  form  2S6,  but  larger,  prorldlns  lot  28  Mta  of  ■ImitltSBeooa    , 
nadiafi  of  12  qnantftiM. 
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BBCORD  OP  NOI8B  MBA8UBEMENT8. 

(P.  I.  C.  No.  236.) 

mil  form  provides  for  the  date,  pUce,  name  of  test,  eeneral  condltioua  and  the 
data  and  lesolti  of  40  sets  of  noise  menaurements  by  5  diSerent  obMTreR.  Tbc  use 
of  the  form  will  be  apparent  from  iuapectioti. 
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TnCHNIOAI.  BSIPOHT  NO.  It. 


BBOOBD  0B<  INSULATION  UEASDBBMBirrB. 

(P.  I.  C.  No.  234.) 

TOb  form  pravldM  for  the  date,  pl&ce,  name  of  tut,  data,  and  reanlts  ot  41  bvuU- 
tioa  meaniemaiila  made  bj  means  of  a  trnttery  and  liigh-resUtaoee  voltmeter.  Space 
iM  provided  for  recording  inpplementary  d«t«  coDoemlng  tbe  voltmeter  and  tenflb 
of  line  tested  and  tbe  formnJ*  used  In  tbe  comcntatlona  are  given. 
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TBCBKICAI.  REPOHT  NO.  «8. 


RECORD   OP  CAPACITANCE  AND  CONDUCrTANCB.  0NBAI.ANCB 
HBASDBBHffiNTD. 


On  thia  torm  space  is  provided  lor  the  date,  place,  name  of  test,  feneral  eoDditioDS, 
data  and  results  of  25  sets  of  capacltauce  Bad  conductance  unbaTance  measuremenU. 
The  use  of  tbe  form  will  be  clear  from  the  colnmn  headints  and  explanator;  notes 
on  the  form,  tosetber  witb  tbe  deccription  of  tbe  metbod  and  dlagisis  of  connections 
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AECOBD  OF  lUPEDANCB  MKASUEBUIINTS. 

(P.  I.  C.  No.  2«.> 

Space  la  prorided  for  tlu  date,  pImc,  anbject,  dat*  and  TMnlta  of  30  impeduM* 
mesBilreiiieiiti.  The  column  be&diDgi  together  with  the  schematic  diasnima  of  the 
dlSerenl  bridge  conaectiona  atid  formuiaa  given  are  anfflcient  eiplanatjona  o(  the 
an  of  this  form.    See  alM  technical  report  No.  29. 
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In  addition  to  the  18  forms  here  given  and  described,  three  forms  for 
systematized  computations  of  the  eoefScients  of  induction  for  parallel 
power  and  telephone  circuits  have  been  developed  recently.  As  samples 
and  descriptions  will  be  given  in  technical  report  No.  64,  dealing  with 
the  general  subject  of  computations  of  induction,  they  are  omitted  from 
this  report. 

m.  Discussion. 

The  advantages  olTered  by  the  use  of  standard  blank  forms  for  the 
recording  of  data  and  computations,  over  the  earlier  practice  of  using 
blank  books,  are  chiefly : 

1.  Completeness  and  conciseness  of  records,  as  more  time  and 
care  have  been  given  to  the  development  of  these  forms  than  could 
properly  be  spent  in  arranging  a  form  for  a  single  test. 

2.  Uniformity  of  records  of  a  given  kind,  irrespective  of  the 
recorder. 

3.  Neatness. 

4.  Incr^tfsed  speed  and  aetfu'raey  of  recordiilg,  dne  to  more  sys- 
tematic provision  for  necessary  dat^  and  to  greater  familiarity  with 
standard  forms. 

'  ',  5.  Increased  facility  in  reduction  of  data  and'  cheeking  by  the 
provision  of  space  for  corrected  observations  and  computation  of 
results  on  the  same  sheet  with  original  data, 

6.  Saving  in  time  otherwise  required  to  prepare  forms  (in  books 
or  sheets)  for  records  of  each  test  or  computation, 

7.  Flexibility  in  use  and  filing,  as  in  any  loose-leaf  system  of 
records. 

Blank  forms  for  recording  data  of  similar  testa  are  conveniently 
bound itogether  and  sutraequent  to  the  test  the  used  sheets  may  be  taken 
out,  results  computed,  and  upon  completion  of  a  report  on  a  given 
subject  alt  data  and  computation  sheets  upon  which  that  report  is  based 
may  be  assembled  and  bound  for  future  reference.  Under  the  former 
system,  data  upon  which  a  given  report  is  based  are  scattered  among 
several  books. 

As  the  development  of  some  of  the  forms  described  was  not  com- 
pleted until  the  latter  part  of  the  San  Fernando  work  it  was  not  pos- 
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sible  there  to  put  this  method  into  complete  operation.  These  forms  are, 
however,  available  for  any  future  work  of  a  similar  character  and 
their  nse  should  proiMte  «IIIci0n^£  ^;'. 

Reapectfally  sulnUltted. 

'  ■     \'  ':'./■  ■  (^BigaeJ) ;,  LiytisesTON  P.'  Ferris, 
Assistaot  Field  Engineer. 


Appboved  :     May  2,  1916. 


(Signed)     R.  W.  Mastice,    ,         .    ■ 
Field  Ea^t^eer. 

Subcommittee  on  Tests, 
.    (Signed)     J.  E.  Woodbeidge,     , 

Chairman. 

Joint  OoMMiTTin  oh  Inductivb  Ivsesawascx, 
(Signed)     Abthub  P.  Bbidqe, 

Secretary. 
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Technical  Report  No.  6A. 


,  OUTLINE. 

L  INTEODUCTION. 
Parpose  aod  Scope. 
II.  ELECTRIC   INDUCTION. 
DefiDitfoD. 
Determination  of  ChaiYea  on  Power  Condactori. 

Potentials    of    power    cooductora    In    terma    of   potentt&l    cocffldents   and 

SltnlOcsnce  and  propertlBa  of  potentifll  coefidaita. 

Charges   on   powei   condncton    in    terma   of   capacitance   coeffldenta   and 

poteotialB. 
SisnificBOce  and  properties  of  Cftp«citance  coefficients. 
Capacitance  coeffldenta  In  terms  of  potential  coefficients — sincle  and  twin- 

clrcait  lines. 
Eval nation    of   potential   coefficients   in   terms    of   tlie   dimenaiona   of   the 

s;stem. 
Cbargea  on  power  conductors  in  terms  ot  capadt&nce  coefficients  for  cases 
of  balanced  and  residual  voltages. 
Induced  Potentials  of  Isolated  Parallel  Conductors. 
Hotuel  Effects  ot  Several  Teleplione  Conductors. 

Fonnuias  for  particular  cases  involving  ablelding. 
Dlscuaaion. 

Application  of  formulas  to  transposed  circnita  and  iqiemting  conditions. 
Detennination  of  induced  currents. 
Effect  of  variation  of  frequency. 
References. 
IIL  MAGNETIC  INDUCTION. 
DeBnltion. 

Derivation  o(  Formulas. 
Mutual  inductancea. 
Induced  voltages. 
Balanced  currents. 
Siugle-pbase  cnrrenta. 
Reaidual  currenta. 
Discussion. 

Two  or  more  power  circuits. 

Transposed  clrcnita. 

Mutual  effects  of  several  telephone  circuits. 

Induced  currents. 

Effect  of  length  ot  parallel  and  frequency. 
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IV.  8TSTBMATIZED  MEKCHODS  Or  COMPUTATION. 
SBglft-CIreait  Llnea. 
Electric  jndactioa. 

Charges  oo  power  condactota. 

Indnced  volt&gee. 
Magnetic  IndncticHi. 
Twin-CtrcDit  Uuea. 
Electric  induction. 

Potential   coefflcienta  of  l>ower  condncton. 

CapacItKnce  coeffldenta  of  pcwercondocUin. 

CliarKes  on  powet  condocton. 

Potential  coefficients  ot  power  and  telephone  conductors. 

Indnced  valtagee. 
MMsnetio  induction. 

Inductance  «>efflcIeBtB  o(  [Mwex  and  telephone  eondactor*. 

Induced  Toltagea. 

L  LitTodnotioii. 

In  previoiw  technical  reports  the  results  of  computations  of  coeffi- 
liente  of  indaction  for  parallel  power  and  comiuunieatiou  circuits  have 
been  giveii.  Although  some  of  the  formul&s  upon  which  the  computa- 
tions are  based  have  been  listed,  their  deriva^pn  and  tha  aasumptionp 
and  approximations  involved  have  not  been  given.  Technical  report 
Ko.  12  lists  fommlas  for  computing,  electric  and  magnetic  induction, 
but  several  are  erroneous,  as  pointed  out  later  in  this  report,  and  some 
of  the  fundamental  formulas  required  in  calculations  of  electric  induc- 
tion are  omitted.  Technical  report  No,  47,  giving  the  results  of  com- 
patations  on  the  Santa  Cru z- Watson ville  exposure,  also  gives  the 
formulas  upon  which  the  computations  are  based.  For  electric  induction, 
however,  the  formiUas  are  limited,  though  not  so  stated,  to  a  particular 
power-oircuit  configuration  (isosceles  triangle,  base  paivUel  to  ground). 

It  is  the  purpose  of  this  report  to  present  general  ff^mulas  for  the 
computation  of  induction,  to  outline  the  methods  by  which  these  for- 
molas  are  derived,  to  give  the  assumptions  and  approximations  iqiou 
which  they  are  based,  and  to  describe  systematized  methods  by  which; 
the  operationa  required  in  carrying  out  the  computations  may  be  faeilir 
tated.  The  formulas  of  this  report  are  limited  to  the  Computatiou  of 
the  voltages  induced  in  grounded  or  metallic  eironits  paralleled  by 
transmission  lines  for  distances  which  are  short  as  etmipared  to  a  wave 
length,  ao  that  attenuation  and  phaee-change  along  the  dreoits  may  be 
n^lected  and  electric  and  magnetic  indnetion  separately-  considered. 
Within  these  limitations  ihey  may  be  applied  to  any  configuration  or 
relative  position  of  circuits  with  the  exception  that  some  of  the  formulas 
for  electric  induction  are  limited  to  moderate  or  large  separations  of 
disturbed  and  disturbing  circuits. 
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n.  Eleotoic  InduotioD.  ... 

"Electric  induction"  is  the  term  applied  to  the  voltages  andeorrents 
produced  in  a  circuit  due  to  its  presence  in  the  varying  electric  field 
set  up  by  the  voltages  of  a  neighboring  circuit.  The  term  "electro- 
static" heretofore  used  in  this  connection  is  deemed  inappropriate  as  in 
all  practical  cases  the  field  is  varying,  generally  alternating  harmon- 
ically at  definite  frequencies..  The  fundamental  j'^aJ^ions  all  depend 
Qpon  theorems  of  electrostatics,  itenee  the  origin  «f  the  term  customarily 
used,  " 

As  a  first  step  in  the  calculation  of  the  voltage  induced  in  circuits 
subject  to  the  influence  of  the  electric  field  surrounding  a  parallel 
power-transmission  ■  circuit  it  is  necessary  to  determine  the  eleetrio 
chaises  on  the  power  conductors  per  unit  length  of  line.  These  charges 
depend  upon  the  impressed  voltages  and  upon  the  sizes  of  the  conducton 
and  their  positions  with  respect  to  each  other  and  all  other  fteighboring 
bodies,  particularly  the  earth  and  conductors  of  other  circuits  oo  liie 
samO  pole  line. 

The  following  equations  conheeting  the  potentials  and  electric  cbail^ 
of  an '  independent  electrical  system  consisting  of  m  conducton  and 
groond  are  well  known ;  - 

V,  =  P„Q,  +  P,,Q.  +  P„Q,+  .  .  .  +P,.Q. 
V.  =  P,.Q,  +  P„Q,  +  P„Q.+  .  .  .  +P»,Q» 
V,  =  P,,Q,  +  P,.Q,  +  P„Q,+    .     .    .    +P^Q„ 

v,=p;„Q,+p,.Q;+.p^Q,-i-  .  :  .-i-p^o.. 

V^',  Vn  Vj .  ;  .  ,  V„  are  the  potentials  referred  to  ground  of  the 
conductors  denotadby  the  nUtseriptB;  Q,,  Q,,  Q,  .  .  ,  ■  Qm  are  tiie 
corresponding  ehai^ea. 

The  coefiiGienta  P,,,  Pu,  P,a,  etc.,  termed  " potential  coefficients,"  are 
con^nts  depending  upon  the  dhaenmoDa  of  the  system  and  the  nature 
of  the  dielectric  medium  in  which  the  conducton  are  placed  (air  in  this 
case),  and  are  ind^endeot  of  how  the  conductors  may  be  charged  or 
how  they  may  be  interconnected  (provided  the  surfaces  of  the  connect- 
ing wires  are  small  as  compared  to  the  surfaces  of  the  conduotoni). 
Each' eo^cient  haa  two  gnbscripts,  the  first  corresponding  to  the  cba^e 
and  the  seccmd  to  the  potential.  A  coefficient  in  which  the  two  subscripts 
are  the  same  denotes  the  potential  of  the  conductor  desigosted  by  tiie 
sabscripts  when  its  charge  is  unity,  that  of  all  the  other  cohdootors 
being  zero.  A  coefficient  in  which  the  two  subscripts  are  differoit 
denotes  the  potential  of  the  conductor  designated  l^  the  second  aub- 
Bcript  when  the  conductor  designated  by  the  first  subscript  r 
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unit  charge,  the  cbarges  of  all  the  other  condnetors  heiog  zero.  It  may 
foe  proved  that  reciprocal  relations  exist  Bticfa  that  the  order  in  which 
the  subscripts  appear  is  immaterial,  i.  e.,  Pmn  =  Pnm.  All  the  potential 
coefficients  are  positive  and  those  with  like  subscripts  are  not  less  than 
those  with  unlike  subscripts. 

The  relationship  of  the  charges  and  potentials  may  also  be  expressed 
in  the  following  form : 

Q,  =  K„V,  +  K„V,  +  K„V.-|-    .    .    .    +K„V. 


(2) 


The  coefficients  £,„  K^,,  E,„  etc.,  will  be  termed  ^'capacitance  coeffi- 
cients" and  correspond  to  Maxwell's  coefficienla  of  capacitf  and  induc- 
tion ;  termed  by  Russell  the  coefficients  of  self  and  mutual  induction  for 
electrostatic  ehai^^as.  Like  the  potential  coefficients  the  capti,citanee 
coefficients  are  constants  independent  of  the  manner  in  which  the  con- 
ductor may  be  charged  w  interconnected.  Each  coefficient  has  two 
subscripts,  the  first  eonvfentionally  denoting  the  dharge  And  tlte  second 
the  potential.  As  with  the  potential  Coefficients  reciprocal  relations 
make  the  order  of  the  subscripts  immaterial, 'Sn„,  ^  Kmi.  A  coefficient 
in  which  the  two  subscripts  are  the  saniie  denotes  the  lAfti^e  on'  tile 
corresponding  conductor  when  its  potential  is  unity,  and  that'  of  all  the 
other  cotidaetots  zero  {grounded).  This  quantity  is  varionsly  tfcrtned 
the  "capacity,"  the  "total  capacity"'  and  the  "grounded  capacity"  Of 
the  conductor,  also  its  "coefficient  of' self-induction  for  electrostatic 
chaises."  A  coefficient  in  which  the  two  snbseripts  are  differetit  denotds 
the  ch&i^e  induced  on  the  conductor  designated  by  the  first  subscript 
wheA  the  conductor  designated  by  the  second  subscript  is  raised  to 
potential  unity,  the  potential  Of  all  the  other  conduc-tors  being  rero 
(grounded).  This  (Quantity  is  variously  termed  "coefficient  of  induc- 
tion" and  "coefficient  of  mutual  induction,"  and  is  eqiial  in  magnitude 
hut  opposite  in  sign  to  the  "direct"  or  "normal"  capacitance  between 
corresponding  conductors.  The  direct  capaeitanfle  between  conductors 
m  and  n  is  defined  as  the  ratio  of  the  charge  on  m  due  to  the  difference 
of  potential  between  m  and  n  when  all  condnctora  of  the  system  eXeept 
n  are  at  the  same  potential  as  m.  All  the  coefficients  with  like  sub- 
scripts are  positive  find  all  those  -with  unlike  subscripts  are  negative  and 
the  algebraic  sum  of  all  the  coefficients  belonging  to  a  single  conductor 
is  equal  to  the  direct  capacitance  to  ground  of  that  condactor 
(K.,  +  K„,+     .         .    K„  =  C„„). 

In  order  that  both  seta  of  equations  fl)  and  (2),  connecting  the 
charges  and  potentials,  may  hold  simultaneously,  the  potential  aOd  _. 


642  moucTivB  mnaiFEiffiNGE. 

capacitance  coefficients  must  be  so  related  that  any  eapftcitance  coefficient 
Kaa  in  equations  (2)  is  the  minor  of  Pnn  in  the  determinant  of  the 
potential  coefQcients  in  equations  (1),  divided  by  the  value  of  that 
detenninant.  If  the  number  of  conductors  exceeds  four,  the  arithmetical 
computations  become  very  laborious  unless  symmetrical  relationa  sim- 
plify the  operations.  For  a  three-conductor  line,  the  following  simple 
solution  resnlte: 


K,. 

P..Pu- 

-P'i. 

ff 

P 

iP»- 

-P'l. 

u 

TT 

P 

.p..- 

-P'l. 

P, 

.Pi 

.- 

PuP.. 

(T 

P..P, 

.- 

P..P„ 

9 

K,, 

P 

.P. 

.- 

P„P„ 

. 

ff  =  PuP..P«  +  2  Pi,Pt,P«  —  PuP'i.  —  PjiP*..  —  P..P*.. 
.For  a  six-conductor  ^stem  it  ia  necessary  to  determine,  in  general, 
six  chaises;  there  being  21  potential  coefficients  and  21  c^acitance 
coefficient^  involved  in  the  equations.  The  evaluation  of  a  sixtli-order 
detennioant  is  necessary  for  a  complete  solution.  When  the  conductors 
of  the  two  circuits  of  a  double-circuit  line  are  all  of  the  game  me 
and  Bymmetrically  located  with  respect  to  an  intermediate  plane  perpen- 
diouUr  to  the  ^rth  's  surface,  the  number  of  independent  potential  and 
eapaeitanee  coefBeients  is  reduced,  the  total  of  each  being  12.  In  equa- 
tions (1),  by  taking  the  sums  and  differences  of  the  potentiala  of  sym- 
pietrically  placed  eonductors,  two  sets  of  three  homogeneous  equations 
result;  one  set  involves  the  Bums  of  pairs  of  potentials  and  of  pairs  of 
corresponding  charges  and  the  other  the  differences  of  pairs  of  poten- 
tials and  of  pairs  of  corresponding  charges.  The  solution  thus  requires 
the  evaluation  of  two  thitd-order  determinaDts  instead  of  the  dxth- 
order  determinant  required  by  the  general  case.  By  combining  the 
sums  and  differences  of  corresponding  pairs  of  charges  obtained  from 
tlie  solutions  of  two  third-order  determinants  a  set  of  six  homogeneous 
equations  is  obtained,  which  expresses  the  charges  on  the  individual 
eonductors  in  terms  of  the  six  potentials.  Equating  corresponding 
ooefBcients  of  the  potentials  in  the  expressions  thus  obtained  with  the 
coefficients  of  equations  (2),  the  capacitance  coefBeients  are  gotten  in 
terms  of  potential  coefficients. 

To  evaluate  the  potential  coefficients  it  is  necessary  to  compute,  for 
each  one,  the  work  done  by  an  external  agent  against  the  repulsive  force 
of  a  unit  positive  charge  on  one  of  the  conductors  in  bringing  a  unit 
positive  charge  from  an  infinite  distance,  or  from  any  plfuse  where  the 
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potential  is  zero,  to  the  coaductor  whose  poteDtial  is  desired  which  ma? 
or  may  not  be  the  charged  conductor.  To  evaluate  F,,  assume  unit 
positiTfl  charge  on  conductor  1,  charges  on  all  other  conductors  being 
zero,  and  compute  the  work  done  in  bringing  another  unit  positive 
chaise  from  ground  to  conductor  1 ;  similarly  for  the  other  co^Scients 
with  like  subscripts.  To  evaluate  Pn  assume  unit  positive  charge  on 
coodaotor  2,  chafes  on  all  other  conductors  being  zero,  and  compete 
wo^  done  in  bringing  unit  positive  charge  from  ground  to  ooodnctor 
1;  similarly  for  the  other  coefiScients  with  unlike  subscripts.  The  eom- 
pDtations  involved  in  this  process  are  simplified  by  conaidering  the 
ground  replaced  by  the  images  of  the  eonducttws  at  a  distance  below 
the  ground  surface  equal  to  the  height  of  the  conductors  above  the 
sarface  and  having  charges  of  equal  magnitude  but  opposite  sign  to  the 
charges  on  tlie  actual  conductors.  If  the  tadii  of  the  conductors  are 
Bmall  sa  compared  to  the  distances  between  them  and  these  distances 
imall  as  compared  to  the  lehgth  of  the  conduators  the  valnea  of  the 
potential  coefficients  in  terms  of  dimensions  of  the  system  &k>  as 
follows : 

Pj,  =  2  log  —        P„  =  2  log  — 
Ti,  ri, 

P„  =  2  log  ~        P„  =  2  log  — 


Pn™  =  2  log P«»=  2  log  - 

r„„  ] 

^iir  ^11  ■  •  •  Sdud  are  the  distances  from  the  conductors  to  their 
own  images.  S,i,  S,^  .  .  .  Smn  ^re  respectively  the  distances  from 
the  axis  of  the  conductor  denoted  by  one  subscript  to  the  axis  of  tiie 
image  conductor  denoted  by  the  other  subscript  (for  example,  S^,  is  the 
distance  from  conductor  1  to  the  image  of  conductor  2  or  vice  versa). 
i"ii>  Tj,  .  .  .  Tnun  are  the  radii  of  the  conductors.  For  stranded 
conductors  the  perimeters  of  the  cross-sections  divided  by  2gr  may  be 
taken  as  the  radii  with  small  error.  ri„  Tu  .  .  .  Tmn  are  the  dis- 
tances between  the  axes  of  the  conductors  denoted  by  the  subscripts. 
The  notation  used  is  illustrated  on  drawing  No.  331  attached.  If 
the  distances  between  conductors  are  greater  than  ten  diameters  the 
above  expressions  for  the  potential  coefficients  are  accurate  to  within 
leas  than  yiofo- 

Having  the  potential  coefficients,  the  capacitance  coefficients  may  be 
determined  and  thence  the  charges  for  any  impressed  voltages  from 

jgic 
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equations  (2).  The  two  cases  of  greatest  importance  are  balanced  and 
residual  voltages,  as  generally  used  tbronghont  the  Cwmnittee's 
investigation. 

In  computing  the  induction  from  three-phase  power  circuits  having 
voltages  of  equal  magnitude  between  pairs  of  conductors  it  is  convenient 
to  consider  the  voltages  to  ground  divided  into  two  sets  of  components. 
These  are,  balanced  voltages,  which  are  equal  in  magnitude  and  120° 
apart  in  phase,  their  vector  sum  being  zero,  and  three  residual  volt- 
ages equal  in  magnitude  and  in  phase,  their  vector  sum  being  the 
residual  voltage  of  the  system.  If,  then,  the  coeffieionts  of  Induction  be 
obtained  for  the  two  sets  of  components  in  the  power-system  voltages, 
and  their  phase  relationship  be  known,  the  resultant  voltage  induced 
in  tbe  communication  circuit  may  be  obtained  by  a  combination  of  the 
induced  voltages  arising  from  the  two  seta  of  components  separately 
«<Hi8idered.  (See  also  technical  reports  No.  2  and  No.  12  and  report  of 
Joint  Committee  to  Oalifornia  Bailroad  CommisBion,  dated  July  7, 
1914). 

For  balanced  voltages : 

V,  =  E,T,={-i  +  JiV5)E,V,=(-i_JiV5)E     (5) 
the  charges  on  the  several  conductors  of  a  single-circuit  three-phase  line 
are: 

Qi  =  [K„ -i  (K.,  +  K,.)  +  JiVS  (K,,  -  K,,)  ]  El 
Q>=[K„  — i(K„  +  K„)+iiV5(K„  — K„)]Et     (6) 
Q.  =  [K.,  -  i  (K„  +  K„)  +  i  i VS  {K,.  -  K„)  ]  eJ 

For  residual  voltages : 

V,  =  V;  =  V,=iER  {7} 

where  Eg.  is  the  vector  sum  of  the  voltages  to  ground,  the  charges  on 
t*ie  several  conductors  of  a  single-circuit  three-phase  line  are ; 


Q.^J(K,.  +  K, 

,  +  5„)E, 

Q.  =  i(K,.  +  K,: 

Q.  =  J(K„  +  K. 

,  +  K„)E, 

(8) 

If  )<igaritbmB  to  the  base  e  are  used  in  determining  the  potential 
wefficients  by  equations  (4)  then  K,,,  K,2,  eft.,  will  be  in  statfarads  per 
centimeter  and  if  E  and  Eb  are  expressed  in  volts  the  values  of  the 
charge^  given  by  equations  (6)  and  (8)  must  be  divided  by  the  factor 
9{10)"  in  order  to  reduce  them  to  coulomUs  per  centiineter  length  of 
line.  However,  this  reduction  to  coulombs  is  not  necessary,  as  later 
explained,  in  determining  the  voltages  induced  in  parallel  circuits. 
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The  exiHressiou  for  the potmtial of  aDJP' point "s"iin  the etfietriofldd 
sarroDDtUng  the  poWer  cimduotoiB  ia, 

E.  =  P,.Q.  +  P„Q,+    -    .    :    +P™Q„  (9) 

on  condition  that  there  are  no  bodies  in  the  electric  Seld  except  the 
power  eireait  and  the  earth.  The  potential' ooefflcients  twre  the  folloV' 
ing  values: 

S,. 
.      P,.  =  21og^ 


.    (10),: 


"      '      S™ 
P„„  =  Slog^ 

In  caae  a  conductor  of  unall  cross  section,  paralleled  by  the  power 
conductors  its  entire  length,  passes  through' "ia"  it  will  assume  the 
potential  E.  if  isolated  from  ground  and  from  other  conductors.  This 
will  hold  true  for  a  number  of  such  isolated  conductors  in  the  field 
distant  apart  ten  diameters  or  more,  since  the.  firea  of  the  field  occupied 
by  conductors,  which  have  infinite  specific  inductive  capacity,  is  rela- 
tively inappreciable.  To  compote  the  induced  potentials  of  the  con- 
ductors of  a  parallel  circuit  when  thus  isolated  from  ground,  from  each 
other,  from  other  conductors  and  from  unesposdd  s'ectiona  of  the  circuit, 
equations  (9)  and  (10)  may  be  appli^  for  the  position  of  each 
conductor;  having  previously  determined  the  charges  on  the  power  con- 
ductors corresponding  to  the  given  balanced,  residual  or  other  voltages. 
The  potential  difference  between  iKwduCtors  is  of  course  the  vector 
difference  betwe^ij  their  potentials,  referred  to  groj^nd. 

If  in. equations  (4)  and  (10)  logarithms  are..takeu.  to  the  same  base, 
either  e  or  10,  and  the  dimensions  are  expressed,  in  the  same  units 
throughout,  the  voltages  induced  in  the  parallel  circuit  are  obtained 
in  volts  per  volt  impressed  upon  the  power  circuit-        ,,         ,, 

While  the  induced  potentials  of  t'he  conductors  of  the  parallel  circuit,' 
when  isolated  as  described  above,  are  useful  in  indicating  the  relative 
severity  of  the  inductive  effects  under  different  conditions  of' parallelism 
and  as  a  basis  for  further  computatioEs,  it,  becomes  necessary  to  t^ke 
account  of  the  oodi^ing  effects  of  other  circuits  on  the  same  pole  line, 
if  it  is  desired  to  determine  the  magnitude  of  the  induction  under 
operating  conditions  or  any  condition  other  than  complete  isolation  of 
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all  the  distarbed  eonddctois  and  an;  otli«rB  ekeelf  asAXHated  with  them. 
The  following  general  equations  take  aocoimt  of  the  preeeuce  of  a  nmabec 
of  condnctors  on, disturbed  lines,  such,  as  telephone  lines. 


V,=P„Q,+P„<li+  .  .  .  +Pm«<b.+P«Q.+P68Q«.-|-  P««J«+  .  .  .  +  PmQo 


(11) 


V.^^ioQi+Pi»Qa+  ■  .  ■  +P™Qa+P«i(J.+Pbo<h,+  Pcn(Jc+  •  ■  -  +Pi«Q» 

V„  Vb,  "Ve  .  .  .  Vn  represent  the  potentials  referred  to  ground  of  the 
telephone  conductors  designated  by  the  subscripts  a,  b,  c,  .  .  .  n.  The 
sums  of  the  first  three  terms  of  each  equation,  headed  "power,"  give 
the  resultant  potentials  of  the  telephone  conductors  on  condition  that  all 
the  telephone  conductors  ai^  coiqpletely  isolated.  The  terms  in  colomuB 
headed ' '  telephone ' '  represent  the  mutual  effects  of  the  several  telephone 
conductors  in  modifying  their  respective  potentials.  When  all  the 
conductors  are  isolated  .Q,u  Qt,,  Q»  ■  ■  ■ .  Qn  are  all  equal  to  zero, 
henoe  there  are  no  mutual  effects. 

On  the  .assumption  that  the  chaises  on  the  power  conductors  are 
unaffected  by  the  condition  of  the  telephone  conductors,  the  valaes 
of  E„  Eb,  E«,  En  determined  by  equation  (9)  may  be  substJ- 

t^ited  for  the  first  three  terms  of  (II).  Rewriting  (11)  making  this 
substitution : 


v.— E.=P„Q.  +  P«Q»+P«Q.+ +P-Q. 

V,-E»  =  P.,Q^  +  PbbQb  +  P.bQ.+ +Pm,Q. 

Vc  — Ec  =  P.tQ,  +  P*,Qb  +  P«Q,+    ....    +Pn.Qn 


(12) 


V,-E„  =  P„Q.+  Pbt.Qb  +  P«Q.+ +P«Q»J 

The  following  relations  also  hold  on  the  assumption  that  the  poten- 
tials of  the  power  conductors  are  independent  of  the  condition- of  the 
telephone  conductors : 

Q.  =  K„(V.-E.)+K^(Vb  — E,)+  :.■.  .    +K„(V.-E.) 
Q,  =  K,.CV,  — E.)  +K^{V,  — E.)  +■  .  .  .  ,  +K^(V.  — En) 


(13) 

Q.  =  K„(V.-E.)+Krt(V,_E,)+ +K„(V„-E.)J 

Any  coefficient  Kn,n  in  equation  (13)  is  the  minor  of  Pm  to  the 
determinant  of  the  potential  coefficients  of  the  telephone  cbadoetore; 
divided  by  D,  the  value  of  that  determinant ;  assuming  that  the  oapad- 
tance  coefficients  of  the  telephone  conductors  are  independent  of  the 
condition  of  the  power  conductors.    Though  this  is  not  strictly  so  it  is 

.Google 
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practically  exact  for  moderate  or  large  Eeparations  of  power  And  tele- 
phone lines  and  a  similar  assumption,  was  made  with  regard  to  the 
capacitance  coefBeients  of  the  piower  circuit  which  were  aasumedipder 
pendent  of  ths  condition  of  the  tel«phoDe  conductore. 


P«        Pb.        P„     .     .     .     .     P 
P.b        Pib        Feb    ....     P 

P«  Pbe  P„      .       .      .      .      P, 


(14) 

P«  P*.  Pen      ...      .      P-nJ 

If  the  stuaber  of  the  teiepbone,  oondnstor?  does  not  exceed  four,  4b« 
corresponding  K's  may  be  computed  as  above  indicated  witbput  nndae 
libor.  For  a  larger  number  of  conductors  the  computatioDs  become 
exceedingly  laborious  and  the  values  of  the  E'b  should  be  determined 
by  measarementsor  fromtables,  if  available,  of  the  direct  capacitances 
between  eondnctots.  The  K's  with  unlike  subscripts  ate  equal  in  magni; 
tade  but  opposite  in  sign  to  the  direct  capacitances  between  correspond- 
ing oondnctors,  that  is,  K^  K,o,  etc.,  equal  respectively  —  C,b,  —  C,c,  etc, 
The  K's  with  like  subscripts  are  equal  in  magnitude  and  sign  to  the 
capacitances  torgrjoand  of  the  corresponding  conductprg  wben  all  oth^i^ 
telephone  conductors  are  groiinded,i  that  ia,  Ku,,  Km,  etc.,  equal  respect 
tively,  C„,  d*,  -etc   E«writing  (13) : 

0.-=     C..(V.— E.)— C.b(V^— Ei,)—  .'.  .  .  _C„(V.-E„)1 
Qb=— Cb.(V.— E;>+C»(V,^E,}— .  .  .■. -<]«.(V,.^E,)I' 

Q;,=_b„(Vi-^El)— CrtCVfc— Ei)-^ . '.': .  +c„rvir^E„)j 

The  application  of  equations  (12)  and  (15)  to  several  particular 
fases  are  given  below.  Cases  1  td  IV  correspond;  to  conditions  con- 
sidered in  technical  report  No.  12.  .     :     , 

Case  1.  Open-circuit  Toltage-of  two  conductors  in  parallel  to  groundj 
all  other  conductors  isolated.  ,  .         '         '    -  . ' 

.    V.=FVb,   \    \     Q.=^,-Qb 
:■  Q.  =  Q*=    =Qn  =  0     . 

B.  "(Pbb  —  P^b)  +  Eb  (P„  —  P.b) 
Prora(12)      ■      V.  =  — ■■ — ■    ■      ,■■....    .'.-^   ■..;.■,.    (16) 

■       .■     P«:+-Pbi,:T-.2^,ft, 
The  denominator  of  (16)  is  equal  to  the  reciprocal  of  the  oapa^tance 
between  a  and  b  with  all  other  conductors  isolated.    If  a  and  b  are  tl|« 

same  size  and  in  a  horizontal  plane,  then  P„  =-Pbb  and  V,  ^  — '  'j'-  -- 
This  latter  expressioD  is  snffictently  accurate  for  most  practical'  casea, 
even  though  a  and  b  are  hot  in  the  same  horizontal  plane.  (    ooolc 
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Case  11.    Open^oircuit  voltage  of  one  conductor  to  ground,  all  other 
conductors  grounded. 

Q.  =  OandVb  =  V^.=     .     ■     ■    =V,  =  0  * 
From  (15) 

EfcC^+B,C„-f-'BdC^+    .    .    .    +1„C„ 
V,  =  E. 4 ^. (17) 

Cm       ■  ■: 

If  E,=i=Eb,=  E.=    .    .    1    .    ==B„  (Approx.) 

then  C„  . 

V.  =  E. (Approx.)  (18) 

C„  ■  ■   ■ 

wbei*  Cso  is  the  direct  cftpscitanoe  of  the  eonduetot  a  to  gronrrd. 

Case  HI.     Open-circuit  voltage  of  two   conductors- in  parallel  to 
ground,  all  other  conductors  grounded. 

,  ■    ..       ■-    v.^yh_  ■„. .  .,  ■  q,==--t'q.,  .  '■'■.■ 

From  (15)    ,    '  '  '"'      '  '  .  '    ,   '       '  ,  '    '      ■."""■■ 

B,(C„— Crt)  -f  EH,  .{C»— Crt).— Ec(c.c+  Cbc)—  .\  .  E^{c„+CtaJ 


(19)  ■ 


C„+Ci,b— 2C,b 

If  iii3t*B6  =  B„=    .  ■.    .    .    =i!a     (Apprtw.) 

thai    '  0„+Cb, 

V,=  E. -,— ' (Approx.)        (20) 

C„  +  Cf.b— ,2Crt 
The  denominatoij  of  (19)  and  .(20)  ia  the  cspaeitanoe  of  conductors  a 
and' t)  in  parallel  to  ground,  Tvith  all  other  condnctors  grounded. 

Case  IV.    Open-«ircuit  voltage  between. two  condnctors,  aU  other 
conductors  grounded. 

'.''■".  ■■  ,.  Q.  =  Q*=j=o''  -. 

From  equations  (15),  ■      ' 

v.  — Vb  =  E.  — Eb  — 


B. 

[0., 

,(C».- 

-,C„) 

-0. 

.c^ 

,  +  0»C„] 

E. 

[C, 

o„c„- 

.(C„-C„)- 

-C„' 

-c. 

.Cb, 

,  +  C„C„] 

This  is  not  in  agreement  with  the  formula  for  the  correspondinif  caa« 
given  in  technical  report  No.  12  (formnla  16  of  P.  I,  C.  No.  2).    The 
formula  there  given  is  in  error. 
If  C„=.C„      ■ 

thin  (21)  reduces  to 

E.  (C.  —  C»)  +  . . .  +  E.  (C..  -  0„) 

v.  — Y,=  E.  — E. — (22) 

C„  +  C.. 

,(jOOi^1c 
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Tormulas  (21)  and  (22)  apply  to  phantom  circuits  provided  that 
the  capacitances  and  potentials  of  single  eonductora  are  replaced  by 
the  correspoudiDg  capacitances  and  potentials  of  pairs  of  conductors 
forming  the  aides  of. the  phantom  circuits.  Por  horizontal  and  vertical 
phantoms  the  average  potentials  of  pairs  of  conductors  forming  the 
aide  circuits  of  phantoms  may  be  used  as  a  satisfactory  approximation. 
Corresponding  capacitances  for  a  side  circuit  and  a  phantom  circuit  are 
tabulated  below. 

SIda  CImilt  FbiDtom  Olientt 

{Condoeuin  a  aad  b)  (Pilri  ot  cooduetotg  (,  b  and  t.  It) 

C„  C„  +  Cm,— 2C„ 

Cbb  C„  +  C«  — 2Crt 

C.t  C„  +  Cbc  +  C.«  +  Cm 

C„  C„  4-  Ct„ 

Cu.  c„  +  c,. 

Case  V.  Open-circuit  voltage  between  two  pairs  of  sbort-circuited  con- 
ductors, all  other  conductors  isolated. 

V.  =  Vb  =  V.fc  V„  =  Vfl  =  Voi 

Q.  =  Qf=    ■    ■    .    =Q»  =  o 

The  general  solution  for  this  case  is  rather  involved.  Solutions  for 
three  arrangements  which  result  in  simpli^'ing  relations,  are  given 
below.  These  special  arrangements  cover  the  cases  of  most  practical 
interest. 

(a)  Horizontal  Phantom.  All  conductors  of  same  size  and  in  a  hori- 
zontal plane,  equal  distances  between  adjacent  condaetors  arranged  in 
«rder  a,  b,  e,  d. 

p.,  =  P,,  =  P,,  and  P,c  =  Pm 
then  from  (12) 

(E.— E*)  (P„-t-P„:— 2  P«,)  +  (Eb— E.)  {P„-|-P„— P,b— P^) 

V^-V,,= : (23) 

2  P„+2P.e — 3  P,b — P,d 

(B,+«b)  — (Sld+E.) 

= (Approi.)  (24) 

2 

For  moat  practical  cases  the  approximate  formula  gives  a  value  about 
5  per  cent  greater  tiian  the  exact  formula. 
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(b)  Vertical  Phantom.  All  conduetora  of  same  size,  each  pair  of 
conductors  in  a  horizontal  plane,  one  pair  (a,  b)  being  vertically  over 
the  other  pair  (c,  d). 

P«  =  Pm  P«  =  Pm 

then  from  {12) 

(E.4-Efc)  — (Ee  +  Ea) 

V.fc  — Vc4  =  — '■ (25) 

2 

Thus  the  approximate  solution  for  arrangement  (a)  becomes  the  exact 
solution  for  (b). 

(c)  Square  or  Rectangular  Phantom.  All  conductors  of  same  size, 
placed  at  the  corners  of  a  square  or  rectangle  with  base  horizontal, 
diagonally  opposite  conductors  forming  pairs. 

P«  =  P=.  P.l,  =  Pcd 

Pbb  =  PM  P^  =  Pfcc 

then  from  (12) 

(  E.— Ec)  (  Pbb+Pud— P^— Pm)  +  (  Eb— Ed  )  (  P«+P.d— P,w— P„  ) 

v.b— Vc*= (26) 

P«+Pbb+2  P.d— 2  P.b— P«^Pb* 

(E.+E,)— (Bc+Ea) 


(Approx.)  (268) 


The  approximate  formula   (26a)   gives  a  result  which  in  general  will 
be  in  error  by  less  than  0.5%. 


The  foregoing  discussion  has  all  been  with  reference  to  noutransposed 
circuits.  If  either  the  power  or  telephone  circuits  or  both  be  transposed 
the  induced  voltages  with  all  the  telephone  circuits  isolated  are  equal  to 
the  corresponding  induced  voltages  for  nontransposed  circuits  multiplied 
by  the  fractional  unbalanced  exposures  between  the  telephone  circuits 
and  the  power  circuit. 

To  determine  the  unbalanced  exposures  the  lengths  of  parallel  between 
transpositions  in  uniform  sections  are  added  veetorially;  transpoeitiona* 
in  a  three-phase  power  circuit  change  the  phase  of  the  induction  from 
balanced  voltages  by  120°  and  transpositions  in  a  telephone  circuit 
change  the  phase  of  the  induction  between  sides  of  that  circuit  by  180" 
but  do  not  affect  the  induction  between  the  two  sides  of  the  circuit  ia 
parallel  and  ground.  Transpositions  in  the  power  circuit  do  not  change 
the  phase  of  the  induction  from  residual  voltages.  It  is  convenient  to 
consider  separately  the  unbalanced  exposures  to  balanced  and  residual 

•See  T.  B.  No.  6B  and  No.  fl7. 
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voltages.  In  addition  the  unbalanced  ezpoBure  for  tbe  metallic  circuit  is 
to  be  distinsuished  from  that  for  the  two  conductors  (four  for  phantom 
circuits)  in  parallel,  as  if  forming  one  side  of  a  grounded  circuit. 
(Refer  to  technical  reports  Nos.  39  and  66  for  more  detailed  discussions 
of  unbalanced  exposures). 

In  case  the  fractional  imbalanced  exposures  thus  determined  are 
small  the  effects  of  irregularities  which  occur  in  practical  cases  become 
of  importance  and  the  actual  induction  may  differ  very  largely  from 
that  computed  on  the  assumption  of  a  uniform  parallel.  It  is  also 
necessary  to  consider  the  balancing  effect  of  the  telephone  transpositions 
OD  the  capacitances  of  the  circuits. 

To  determine  the  open-circuit  voltage  of  one  circuit  isolated  within 
the  limits  of  a  parallel  with  all  other  circuits  in  normal  operation 
equations  (1&)  may  be  applied,  using,  however,  the  values  of  admit- 
tances corresponding  to  the  particular  condition  considered,  in  place 
of  the  capacitances  for  the  section  of  line  within  the  parallel.  Thus,  in 
place  of  the  direct  capacitances  between  the  conductors  the  admittances 
determined  by  these  same  capacitances  would  be  used ;  and  in  place  of  the 
capacitance  to  ground  of  a  given  conductor  with  all  other  conductors 
grounded,  its  admittance  to  ground  with  all  other  conductor^  otMUMcted 
not  to  ground  but  to  their  unexposed  sections  as  in  normal  operation, 
would  be  used.  This  latter  can  he  determined  from  a  knowledge  of 
direct  capacitances  of  the  exposed  section  and  the  admittances  to  groond 
of  the  unexposed  sections.  With  long  unexposed  sections  of  line,  the 
eSect  on  a  given  isolated  circuit  of  the  other  telephone  circoits  under 
operating  conditions,  probably  approaches  more  nearly  the  condition 
with  these  other  circuits  grounded  than  with  them  isolated  within  the 
limits  of  the  parallel. 

To  determine  the  current  in  a  circuit  at  tbe  junctions  of  the  exposed 
and  unexposed  aectitms  of  line,*  it  is  conveiiient  to  consider  the  parallel 
as  the  equivalent  of  a  generator  placed  between  tbe  sides  of  the  circuit ; 
having  an  indaeed  voltage  equal  to  the  open-circoit  voltage  of  tbe  given 
circuit,  isolated  within  the  limits  of  the  parallel  while  all  other  circuits 
are  in  normal  operation  or  other  aasiuned  condition,  and  with  an  internal 
impedance  equal  to  the  open-circuit  impedance  of  the  exposed  section 
of  the  circuit.  This  generator  supplies  current  to  the  unexposed  sections 
of  the  circuit  in  parallel,  the  division  of  current  between  them  being 
determined  by  their  respective  impedances  and  the  internal  impedance 
of  the  fictitious  generator.  This  method  does  not  take  into  account  tbe 
mutual  induction  between  circuits  in  tbe  unexposed  sections  of  line, 
which  is  small  between  well  transposed  metallic  circuits.  The  current 
on  short-circuit  at  one  end  of  the  parallel  may  be  obtained  from  the  open- 


*Dua  to  electric  Inductton. 
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circuit  indueed  voltage  and  the  open-eirciiit  impedance  of  the  exposed 
section  of  eiceuit. 

Attenuation  .of  the  induced  currents  along  the  circuita  between  the 
ends  of  the  parallel  and  the  tenniuala  of  the  circuits,  aud  the  leffect  of 
terminal  apparatus,  must  of  course  be  considered  in  determining  the 
currents  in.  the  telephone  receivers. 

While  for  short  parallels  the  voltages  induced  in  parallel  eirquits  by 
ele&txic  indufjtion  are  independept  of  the  frequency  of  the  disturbing 
source,  the  resulting  induced  currents  do  depend  upon  the  frequency, 
since  the  impedanfes  of  the  exposed  and  uuesposed  sections  of  the  circuit 
are  functions  of  the  frequency.  For  short  parallels  the  impedance  of 
the  exposed  section  of  the  circuit  (internal  impedance  of  fictitious  gener- 
ator) varies  approximately  inverselj'  as  the  frequency,  and  as  the 
amoupt  of  induced  current  from  such  a  parallel  is  regulated  very 
largelj'  by  this  impeflance  it  is  obvious  that  the  resulting  indueed  cur- 
rent increases  approxinifttely  as  the  frequency  of  the  disturbing  source, 
for  a  given  induced  voltage. 

fhe  following  are  references  to  standard  worim  consulted  in  prepar- 
ing this  section. 

Muwell'a  Etectncity  ud  Magnetiain;  Tol.  1,  seotions  T3,  87,  88,  89a,  8ffl>,  ISSt 

156,  157  and  161. 
Websler's  Electricity  and  Maitnetism ;  sections  13C,  138  and  139, 
Kehfin'B  Papers  ou  Bleetr<»rtatic8  and  Mtgnetiam;  BlecMc  Inngea. 
Heinisida's   Electrical   Fapcis;   vol.    1,   ib   ^   "On.  E[«ctK«t«tic   OtSMUf  M 

Suspended  Wires,"  and  p.  116,  "Qn  Induction  Between  Parallel  Wire*" 
nusBeH'H  Alternating  Current  Theory ;  vol.  .1,  chapters  4  and  5. 
J.   J.  ThorHBon's   Elemeots  of  Electridty  «Qd  MasnetiaBi ;  aectioaa  13,  24,  2S, 

28,  27,  28,  83  and  84. 
Pender — AmorieaD  Handbook  for  Electrical  Engineers ;  p.  182,  Capacity  and 

Charging  Currents. 

m.  HagBcrtio  Indiiotloii. 

The  term  "magnetic  induction"  is  here  applied  to  the  ToltageB  and 
currents  produced  in  a  circuit  due  to  its  presence  in  the  vailing  mag- 
netic field  set  up  by  th6  currents  in  a  neighboring  circuit.  This  term  is 
used  in  prefercncfe  to  the  more  usual  term,  electromagnetic  induction,  not 
because  of  any  inconsisteuey  in  customary  usage  but  to  correspond 
to  the  t'ei'm  "electric  induction"  as  used  in  the  preceding  Section  of  this 
report.  Induction  in  both  cases  signifies  the  induced  Toltages  and  cur- 
rents, electric  or  Siagnetic,  referring  to  the  type  of  field  through  the 
mediumship  of  which  the  induction  is  produced. 

The  electromotive  force  induced  in  a  circuit  is  equal  to  the  rate  of 
diminution  of  the  magnetic  flux  which  interlinks  with  the  circuit. 
d0 


dt 


(27) 
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The  first  step  in  computing  the  voltage  or  current  induced  in  a 
circuit  due  to  the  current  in  a  neighboring  circuit,  is  to  obtain  the  flux 
interlinked  with  the  disturbed  or  secondary  circuit  due  to  the  current  in 
the  disturbing  or  primary  eifeuit.  Since  the  flui  is  directly  proportional 
to  the  current  it  may  be  expressed  as  the  product  of  the  current  in 
the  disturbing  circuit  and  the  mutual  inductance  M  of  the  two  circuits; 
the  mutual  inductance  being  definetihas  the  flus  interlinked  with  one 
ureuit  due  to  unit  current  in  the  other. 

The  magnetic  fleld  intensity  H  at  a  distance  x  from  the  axis  of  a  long- 
straight  conductor  carrying  a  current  i  is 

H  =  |^  (28) 

and  the  flux  across  a  small  area  at  x  of  unit  length  parallel  to  the 
conductor  and  of  width  dx  radially,  is 

d,^  =  Hdx  =  — dx  (29) 

The  total  flux  included  in  the  region  between  points  distant  r  and  s  is 
obtained  by  integration,  thus ;     • 


A=|      —  dx  =  2ilog,   -  (30) 

Jt   ^  r 

Then  t  =21og. -  =  M  (31) 

the  mutual  inductance  per  unit  length  between  this  conductor  and  a 
parallel  circuit  whose  conductors  are  distant  r  and  s  from  the  conductor 
carrying  the  current  i.  Under  these  conditions  the  voltage  induced  in 
the  disturbed  circuit  is 

e  =  -M*-  (32) 

and  if  the  current  is  a  harmonie  function  of  time 

E  =  — j2TfMI  (33) 

where  E  and  I  are  the  effective  values  of  voltage  and  cuirent,  respec- 
tively, and  f  is  the  frequency  in  cycles  per  second. 

Consider  a  system  of  five  parallel  conductors  and  ground,  aa  for 
example  a  three-phase  power  circuit  and  a  telephone  circuit,  the  dis- 
tances between  the  conductors  and  their  heights  above  ground  being 
large  compared  to  their  diametere  and  their  lengths  great  as  compared 
to  the  other  dimensions.  The  earth,  as  a  common  conductor  of  the  cir- 
cuits and  as  a  path  for  eddy  currents,  may  be  replaced  by  the  images 
of  the  conductors. 

In  locating  the  image  conductors,  experience  has  shown  that  it  is  not 
permissible,  as  in  the  ease  of  electric  induction,  to  consider  them  at  a 


Vc 
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distaacfi  below  tbe  earth's  aurfaoe  equal  to  the  height  of  the  conductors 
above  it.  Since  the  earth  is  not  a  perfect  conductor  the  locus  otf  earth 
cutrente  is. a  considerable  d^^taace  below  the  earth's  surface.  This  dis- 
tance varias  with  the  frequency  of  the  outrent  and  the  character  of  the 
coantrj'. 

The  results  of  tests  made  by  the  Joint  Committee  at  three  differait 
localities  show  that  the  image  coaductorsfor  eomputatioua  of  magnetic 
induction  should  be  taken  with  respect  to  an  "equivalent  earth  plane" 
from  300  to  500  feet  below  the  actual  surface.  The  ^ures  given  are 
for  60  cycles.  For  higher  frequencies  the  "equivalent  earth  pluie"  is 
nearer  the  surface. 

Designating  the  power  conductors  by  the  numbers  1,  2  and  3,  carrying 
currents  I,,  I^  and  I,,  respectively,  and  the  telephone  conductors  by  the 
letters  "a"  and  "b,"  the  expression  for  the  voltage  E,  induced  along 
telephone  conductor  "a,"  is 

E,  =  — j2,rf  (M,.I,  +  M„L,  +  M„I,)  {34} 

Si. 
where  M,,  =  2  log , 


M„  =  21og- 


and  Mj,  =  2  log . 

r,i 
Si„  Sj,  and  Sj,  are  respectively  the  distances  from  the  axis  of  the  con- 
ductor denoted  by  one  subscript  to  the  axis  of  the  image  conductor 
denoted  by  the  other  subscript  (for  example,  S,,  is  the  distance  from 
power  conductor  1  to  the  image  of  telephone  conductor  a  or  vice  versa). 
r,8,  Tj,  and  r,,  are  the  distances  between  the  axes  of  the  conductora 
denoted  by  the  subscripts.  The  three  terms  in  parentheses  must  be  com- 
bined vectorially  at  angles  determined  by  the  phase  angles  of  the  currents 
Ii,  1,  and  Ij. 

In  computing  the  inductive  effect  of  current.s  in  a  three-phase  circiut 
it  is  convenient  to  consider  the  currents  divided  into  three  sets  of 
components,"  namely. 

(1)  balanced  three-phase  currents  in  each  of  the  three  conductors, 

who.se  vector  siim  is  zero,  and  which  arc  therefore  displaced 
one-third  cycle  in  time  phase  with  respect  to  one  another; 

(2)  a   single-phase  current  in  a  loop  composed   of  two  of  the 

conductors ; 

(3)  a  residual  current  divided  equally  among  the  three  conducton 

and  returning  through  the  earth. 

'See  pace  23  of  report  of  Joint  CommLttee  to  CaUfoniln  BiOIt^aA {ItinllllpBlOD, 
tiatea  July  7,  1»14;  also  technics!  report  No.  IJ.  ^         -,;.■,  ^.  v  n,  t^^^  itt- 
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If  tfae  phase  relationships  are  known  the  resultant  induced  voHage 
may  be  obtained.  The  folloving  formulas  apply  for  the  separate  com- 
poneats  as  above  defined : 

For  Balanced  Currents. 
B.  =  — ja^rfKI  (M.^Q°+M^12Q°  +  M,./240°)  (35.) 

ot 

E.  =  — j2^fKI[M..  — i(M,.  +  M,.)+HV5(M«— M^)]     (36) 
where  I  =  magnitude  of  balanced  currents. 
In  magnitude 

B.  =  arfO  V[M..  — i(M„+M;jp+  [iVSCM,.-iQy'     (37) 
The  phase  angle  of  E.  with  respect  to  I,  is, 

iV5(M,.  — M„) 

taa-i 90°  (88) 

M„  — i(M„  +  M^) 

Sabetituting  the  valnea  of  M,»,  M„  and  M,,  in  terms  of  the  distances 
between  condnctors,  including  the  image  condnctors, 


■  /          S\.r„r„                  S„t„ 
E,  =  2,rfKI  V  log' +  3  log (39) 

for  Single-Phose  Current. 

Assume  single-phase  component  I,  in  oonductors  1  and  3. 

E.  =  —  j2xfKI,  (M,.  —  M, J  (40) 

Substituting  the  values  of  Kr^.  and  M,„ 

E.=— j4,fKI.log (41) 

r.,S„ 
For  Besidual  Current. 

E,  =  —  j2»f  ^Ir  (M,.  +  M„  +  M„)  (42) 

where  Ir  =  magnitude  of  residual  current. 

Substituting  the  values  of  Mj,,  Mj,  and  Mj,, 

E.  =  -j«f  I.log|=^?!=  (43) 

If  the  induced  voltage  due  only  to  the  residual  current  is  desired, 
the  individual  power-circuit  conductors  may  usually  with  small  error  be 
considered  as  replaced  by  a  single  conductor  at  the  center  of  gravity  o  of 
the  cross-section  of  the  power  circuit.    The  accuracy  of  this  approiima- 
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tJon  incxeases  as  the  separation  of  the  circuits  is  increased.    Based  on 
this  assumption  formula  (43)  becomes 

E.  =  --  j4»fKlR  log  — •  (44) 


If  in  formaUs  (35)  to  (44),  inclusive,  the  current  is  in  amperes  and 
It^arithms  are  taken  to  the  base  10,  K  =  70.183  (10)-*  to  give  E.  in  volts 
per  1000  feet  of  parallelism. 

The  voltage  induced  in  metallic  circuits  is  the  difference  of  the 
voltages  induced  along  the  two  aides  of  the  circuit,  thus 

E^l.=E.— E,=— j2fff  [I,  (m„— M,0  +I,(M^— Mrt)  +I,(m„— M*)  ]     (45) 

Formulas  (35),  (36),  (37),  (38),  (40)  and  (42)  apply  to  a  metallic 
circuit  a,  b  if  (Mja  —  M^t,),  (Mj.  —  M,b)  and  (Mj,  —  M,b)  are  substi- 
tuted for  M,.,  M:.  and  M,„,  respectively.  Thede  formulas  may  also  be 
used  to  obtain  the  average  of  the  voltages  induced  along  two  conductors 
by  substituting  i(M..  +  M,t),i(M„+Mrt)  andi(M„-f  M.^)  forM^, 
Mj.  and  M^a,  respectively.  If  tiie  separation  of  the  two  conductors  a 
and  b  is  small  compared  to  their  average  separation  from  the  power 
circuit  then  the  average  of  their  induced  voltages  is  sensibly  equal  to 
that  along  a  single  conductor  midway  between  them  and  to  the  induced 
voltage  along  a  and  b  in  parallel.  Application  of  this  fact  is  made  in 
obtaining  the  voltages  induced  in  phantom  telephone  circuits ;  the 
induced  voltage  along  one  side  of  a  phantom  circuit  being  taken  as  the 
average  of  induced  Toltages  for  the  two  conductors  composing  it,  and 
the  induced  voltage  for  the  phantom  being,  as  for  a  two-conductor 
metallic  circuit,  the  difference  in  the  voltages  induced  along  its  two 
sides. 

In  the  case  of  two  or  more  disturbing  circuits,  as  for  example  a  twin- 
circuit  power  line,  the  resultant  induced  voltage  is  the  vector  sum  of  the 
induced  voltages  due  to  the  individual  circuits  separately  considered. 
The  mutual  effects  between  the  several  power  circuits  do  not  enter  to 
complicate  the  computations  as  in  the  case  of  electric  induction. 

Voltages  determined  by  the  above  formulas  are  for  unit  lengths  of 
exposure ;  for  short  parallels  with  no  transpositions  the  voltage  induced 
along  the  circuits  is  proportional  to  the  length.  "With  transposed  cir-  ■ 
cults  the  resultant  induced  voltage  is  the  product  of  the  voltage  per 
unit  length  and  the  length  of  unbalanced  exposure.*  If  the  unbalanced 
exposure  is  a  small  fraction  of  the  total  length  of  the  parallel  the  effect 
of  irregVilarities  becomes  of  much  importance  and  voltages  computed 
on  the  assumption  of  a  uniform  parallel  may  be  considerably  in  error. 
*Sev  page  flSO  of  tbls  report  and  technical  reports  39  and  tS. 
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The  influence  of  the  oooditioa  of  other  circuits  on  the  same  pole  line 
in  modifying  the  magnetically  induced  voltages  of  a  disturbed  tele- 
phone circuit  ia  less  important  than  in  the  case  of  electric  induction. 
In  order  for  the  eifeeta  in  the  two  cases  to  be  comparable,  conductors 
of  practically  negligible  resistance  would  be  required.  In  practice  the 
resistanee  of  the  conduetois  ia  an  important  faetor,  greatly  diminishing 
the  magnetic  shielding  effects. 

The  current  resulting  from  the  induced  voltage  will  be  determined 
by  the  impedances  of  the  telephone  circuit  beyond  the  ends  of  the 
parallel,  and  also  within  the  parallel  For  short  parallels  the  circuit 
may  be  considered  as  a  generator  whose  open-circuit  voltage  is  the 
induced  e.  m.  f,  and  whose  internal  impedance  is  the  series  impedance  of 
the  telephone  circuit  within  the  parallel,  closed  through  the  equivalent 
impedances  of  the  sections  of  line  beyond  either  end.  The  current 
at  the  terminals  ia  further  determined  by  the  amount  and  character  of 
the  intervening  line  and  apparatus. 

For  short  parallels  the  induced  voltage  is  directly  proportional  to  the 
frequency  and  to  the  length  of  the  parallel.  The  induced  current  is 
dependent  upon  the  induced  voltage  and  impedance  of  the  circuit.  The 
resistance  and  reactance  of  the  circuit  are  proportional  to  the  length 
and  the  reactance  is  proportional  to  the  frequency,  hence  the  short- 
circuit  current  will  be  independent  of  the  length  of  the  parallel  and  will 
increase  much  less  rapidly  than  the  voltage  with  increased  frequency, 
If  the  resistance  of  the  conductor  were  negligible  compared  to  the 
reactance  the  short-circuit  current  would  also  be  independent  of  the 
frequency.  For  long  parallels,  to  which  these  statements  are  not 
intended  to  apply,  the  attenuation  and  phase  change  along  the  power 
and  telephone  circuits  must  be  considered. 

The  fundamental  laws  upon  which  the  formulas  above  given  are 
based,  are  to  be  found  in  most  text  hooks  dealing  with  the  principles 
of  electricity  and  magnetism,  hence  a  list  of  references  for  this  section 
would  be  superfluous. 

IV.  Systematind  Methods  of  OompntatioiL 

Several  computation  forms  have  been  developed  by  the  Field  Depart- 
ment to  facilitate  computations  of  the  coefficients  of  induction  from 
single  and  twin-circuit  three-phase  power  lines.  They  are  designed  for 
use  with  a  ealcolating  machine.  Much  more  extended  schedules  would 
have  been  required  were  the  work  performed  by  means  of  logarithms. 
Since  all  the  operations  required  are  indicated  on  the  forms  with  spaces 
provided  for  each  result  the  numerical  solution  of  the  equations  for 
particular  cases  becomes  a  routine  operation,  so  that  most  of  the 
work  can  be  done  by  persons  without  technical  training.     Copies  of 
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the  forms  are  attached,  sample  compntations  being  shown  on  the  three 
referring  to  single-circuit  tines  for  a  parallel  of  dimensions  33  indi<^ted 
on  drawing  No.  323x.  A  brief  description  of  the  different  forms 
follows. 

A — SmoLE-CiKcuiT  Thbeb-Phabb  Power  Linbs, 
Form  No.  322,  headed  Electric  Charges  and  Characteristic  Besidval 
Voltage,  is  used  to  obtain  the  potential  and  capacitance  coefficients  of 
the  power-circuit  conductors  and  the  electric  charges,  when  the  conduc- 
tors are  energized  with  balanced  or  with  residual  T<dtages.  "With 
slight  additional  labor  the  characteristic  residual  voltage*  of  the  system 
is  obtained.  On  Form  No.  323,  headed  Electric  Induction — Balanced 
and  Residxial  Voltages,  the  potential  coefRcients  connecting  the  poten- 
tials of  the  telephone  conductors  and  the  charges  on  the  power  conduc- 
tors are  obtained.  These  are  combined  with  the  chaises  on  the  power 
conductors,'  giving  the  induced  voltagps  between  the  telephone  con- 
ductors and  between  one  of  them  (a)  and  ground;  per  volt  of  the 
balanced  voltages  between  the  power  conductors  and  ground,  and  per 
volt  residual. 

On  Form  No.  321,  headed  Magnetic  Induction — Balanced  and 
Residual  Currents,  the  inductance  coefBeients  per  unit  length  of 
parallelism  of  the  power  and  telephone  circuits  are  computed.  These 
are  combined  to  give  the  mutual  inductance  per  1000  feet  of  parallel 
of  the  telephone  circuit  with  a  single-conductor  power  circuit  equivalent 
to  the  three-phase  circuit  when  energized  with  balanced  or  residual 
currents.  Provision  is  made  on  this  sheet  for  either  considering  or 
neglecting  the  image  conductors  in  computing  the  coefBeients  of  induc- 
tion from  balanced  currents.  In  some  cases  neglect  of  the  image  con- 
ductors is  permissible  without  introducing  large  errors.  In  the 
case  of  the  sample  computations  the  error  due  to  neglecting  the 
images  is  50%  of  the  voltages  along  one  of  the  conductors  (longitudi- 
nal), and  less  than  0.2%  for  the  difference  in  voltages  along  the  two 
conductors  (transverse). 

Another  form.  No.  336,  which  has  been  developed  for  computing  the 
magnetic  induction,  has  been  found  more  advantageous  than  No.  321. 
It  is  designed  to  give  directly  the  induced  voltages  expressed  as  milli- 
volts per  1000  feet  of  parallelism  per  ampere  at  60  cycles,  instead  of  the 
mutual  inductances.  The  arrangement  differs  somewhat  from  No.  321  . 
and  no  provision  is  made  for  neglecting  the  image  conductors. 

■See  technical  report  No.  61. 
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B — TwiN-CiBcuiT  Thkee-Phase  Powiai  Links. 

Far  twin-circuit  lines  the  formulas  {u:e  more  complicated  and  a 
total  of  seven  sheets  is  required  for  a  complete  solution  of  any  given 
case.  The  forms  are  arranged  to  give  the  characteristic  residual  volt- 
ages of  the  two  power  circuits  and  the  induction  in  a  parallel  two- 
conductor  circuit  for  «z  different  methods  of  parallel  operation  of 
the  twin  power  circuits.  The  six  forms  of  this  series  are  given 
identifying  lettera  for  purposes  of  cross  reference. 

On  Form  No.  337  (Sheer  A)  the  potential  coefficients  connecting 
the  potentials  and  charges  of  the  six  power  conductors  are  computed. 
Because  of  the  symmetrical  arrangement  of  the  conductors  of  the  two 
circuits  the  number  of  independent  coefficients  is  reduced  to  twelve. 
The  solutions  of  the  two  sets  of  simultaneous  equations  are  performed 
on  Form  No.  338  (Sheet  B)  giving  the  capacitance  coefficients.  In 
addition,  the  characteristic  residual  voltages  of  the  twin  circuits  are 
computed  and  expressed  in  per  cent  of  the  halaneed  three-phase  volt- 
ages between  pairs  of  conductors,  for  each  of  six  different  arrange- 
ments for  parallel  operation.  The  characteristic  residual  voltages  of  the 
twin  circuits  are  equal. 

On  Form  No.  339  (Sheet  C),  the  capacitance  coefficients  are  com- 
bined to  give  the  components  of  the  charges  on  the  six  conductors  when 
balanced  three-phase  voltages  of  unit  magnitude  are  impressed  between 
the  conductors  of  each  circuit  and  ground ;  for  six  methods  of  parallel 
operation. 

The  potential  coefficients  connecting  the  charges  on  the  power  con- 
ductors and  the  potentials  of  two  isolated  telephone  conductors  are 
computed  on  Form  No.  340  (Sheet  D).  On  Form  No.  341  (Sheet  E) 
these  are  combined  with  the  chaises  from  Sheet  C,  giving  the  induced 
voltages  between  the  telephone  conductors  and  the  average  of  the 
voltages  between  the  two  conductors  and  ground;  in  volts  per  volt 
impressed  between  pairs  of  conductors  of  the  power  circuits. 

Form  No.  341  (Sheet  E)  is  also  used  for  computing  the  inductance 
coefficients  connecting  the  currents  in  the  power  conductors  and  the 
induced  voltages  per  unit  length  along  the  telephone  conductors.  These 
are  combined  in  proper  phase  relation  on  Form  No.  342  (Sheet  F), 
giving  the  average  of  the  induced  voltages  along  the  two  telephone 
conductors  and  their  difference,  expressed  as  millivolts  per  1000  feet 
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of  parallelism  per  ampere  of  balanced  current  at  60  cycles ;  for  the  two 
circuits  individually  and  combined  in  six  different  ways  in  accordance 
with  six  methods  of  parallel  operation. 

Respectfully  submitted. 

(Signed)     Livingston  P.  Pbbbib, 
Asfflstant  Field  En^eer. 


Aprsovn)  r    August  29,  1914. 

(Signed)     R.  W.  Mastick, 

.     Field  Engineer. 
Appbovhi:    September  5,  1016. 

SoBCOuMrrTBB  on  Tbbis, 
(Signed)     J.  E.  WooDBRioaE, 

ChainnaiL 

Joint  Committee  on  Inductivb  Intebfgrencb, 
(Signed)     Abihub  P.  Bridoe, 

Secretary. 
Jaouary  8,  1917. 
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JUIIIAC7  6,  isn. 

COEFFICIENTS  OP  INDUCTtON  FOR  COMMUNICATION  CIRCUITS 
PARALLELED  BY  THREE-PHASE  POWER  CIRCUITS.  VARIATION 
WITH    RELATIVE    POSITION    AND   CONFIGURATION. 

OUTLINB. 
L'  INTEODUCTION. 

PurpaB«-«-I>eGnitioa  at  Coefficient  o(  InductioD. 
Meaiu  ol  DetenniDatioQ — Ai^UublHt;. 
IL  SCOPE. 

A— Qeneral  BtatemeoL 

B — Sincle-Circnit  Power  lines. 

CoafigDratii»is  and  range  of  dimenBioaa — Equivalent  sronod  plane — 
Range  of  relative  poaitiona  of  dicuits — Diameter  of  t<<it*ti  condiict9ra-~ 
Spacing    of    distarbed    condnctora — Altitade    of    triangle — Position    of 
inside  eondactoT  of  botiiontal  po«ei>eircutL 
C — Titin-Circuit  Power  Lines. 

Synunetricai   cireui Is— Methods  of   parallel   operation — ConflguretioD 
and  raose  of  dimensions — Banire  of  relative  positiana  of  circuits. 
D — Telephone^onductor  Arrangementa. 
ni.  METHOD  OP  PROCEDURE. 
A — CompulB  tiona. 
B — Graphical   Representation. 
C — Tabulation. 
IT.  DiaCDSSIGN  OF   RESUI/TS. 
A — Single-Circuit  Power  Lines. 

1.  Effect  of  dimenaional  variations. 

HoriaontjU   separatioD. 

Height  at  conductor*. 

Vertical  separation. 

Diameter  of  power  conductors. 

Spacing  of  power  condnctow. 

Displacemeut  of  intermediate  conductor  of  horicontai  power  drcnit.' 

Altitade  of  power-drcnit  triangle. 

Spacing  of  disturbed  coniludors. 

Exceptional  effects  with  vertical  configuration. 

2.  liolDdaction  llnea. 

3.  Comparisons. 

Induction  from  voltages  and  currents. 
Induction  in  grounded  and  metallic  circuits. 
Effect  of  balanced  and  reiddaal  components. 
Power-circuit  configumtions. 


.ds.Goo>^Ic 


-^74  INDUCTWB  TSTBgnacanoB. 

B — Twin-Circuit  Power  Lines. 

1.  Vertical. 

2.  TsOBcelea    Triaogles — Bases    Vertical — Vertices    Outward, 

3.  Equilateral   TriaasieH — Bases   HorisoDtal — Verticei   Downward. 

4.  Eguilat^i)   '^Un^Bfr^a^^   £foi)soi]f»Ii^Verticea    Upward. 
6.  Horizontal. 

8.  Summary. 
,, :       '  C-rTaleiA«Qe  Coodvetof  -.  AnwiiemeDte.  ;  ,  :  >    '■  ' 

■.  ,   .  •   .1.  Pbautom  Ciwuit*.  ■■,,.-... 

2.  EEfBct.of  rotBtinc  ptaoe  o£  condoctoTB. 
V.  USE    OF    CURVE    SHEETS. 
A — General   DitectioDS. 
B — IHQStrative  Example. 

1.  Induction  from  balanced  Toltagea. 

2.  Induction  from  balanced  cnrrenti.  * 

3.  Induction  from  residuBl  voltage. 
i.  Induction  from  residual  current. 

VI.  CONCLUSION. 
Attachments. 

I.  Introduction. 

The  magnitudes  of  the  induction  in  communication  circuits  caused 
by  parallel  power  circuits  is  dependent  upon  a  large  number  of  factors 
including  the  cross-sectional  dimensions  of  the  parallel.  This  report 
presents  the  results  of  a  study  of  the  variation  of  the  induction  in 
communication  circuits  paralleled  by  three-phaae  power  circuits,  with 
the  relative  position  and  configuration  of  the  two  classes  of  circuits. 
These  results  are  expressed  in  terms  of  the  coefficients  of  induction 
which  are  deiined  as  the  ratios  of  the  induced  voltages  in  the  communi- 
cation circuit  to  the  inducing  factors  (components  of  voltage  or  current) 
of  the  parallel  power  circuit.  The  effects  of  the  balanced  and  residual 
components  of  the  power  circuit  voltages  and  currents  are  considered 
separately  both  for  metallic  circuits  and  for  a  single  conductor  or  pair 
of  conductors  with  reference  to  ground.  In  all  cases  the  coefficients 
are  given  for  a  uniform  short  section  of  parallel  in  which  both  classes 
of  circuits  are  assumed  nontransposed  and  the  communication  circuit 
nonshielded. 

The  coefficients  were  obtained  by  computations  based  upon  the 
physical  dimensions  ordinarily  occurring  with  the  types  of  circuits 
involved.  The  investigation  at  San  Fernando*  demonstrated  that  the 
coefficients  of  induction  for  nontransposed  circuits  obtained  by  eompa- 
tations  are  in  close  agreement  with  those  obtained  by  experiment,  the 
differences  being  due  to  experimental  errors,  and  errors  in  the  dimen- 
sions assumed  for  the  computations.  For  the  purpose  of  the  study 
described  in  this  report  these  errors  are  of  no  effect  on  computations, 

•Technical  Reports  64  and  E8. 

Diq.lizcdovGoOl^IC 


TBOHNHaJa.  RVPORT  NO.  AG.  gTg 

but  woald  be  aonrcea  of  difficulty  m  atl  experimeatal  Btady.  Oth«r 
important  reasons  for  choosiiig^  the  computation  method  rather  tban 
the  e^errmentsl  method  are,  however,  ecoDomy  and  flexibility.  The 
expense  of  such  an  extensive  study  as  is  here  reported  would  be 
"practically  prohibitive  if- earned  cmt  experimentally  on  actual  lines. 

The  calculation  of  the  currents  and  voltages  induced  in  a  otHumuni- 
cation  circuit  by  a  power  circuit  under  operating  conditions  of  both 
eircoits  presents  many  diffleulties.  The  length  of  the  parallel  may  be 
great  for  the  important  frequencies ;  the  shielding  effects  of  neighbor- 
ing eircoits  and  other  objects,  aa  well  as  the  effects  of  unexposed  portions 
of  the  communication  circuit,  require  consideration;  the  inagnitudea  and 
wave-shapes  of  the  power-circuit  voltages  and  currentB  must  be  known 
and  the  effects  of  the  different  components  properly  combined;  and 
allowance  must  be  made  for  irregularities  of  exposure.  Thus  at  best 
only  a  roughly  approximate  solution  i»  obtainable. 

For  given  wave-forms  of  voltage  and  current  in  a  power  circuit  the 
severity  of  the  possible  induction  in  a  parallel  communication  circuit 
may  be  taken  as  proportional  to  the  product  of  the  voltage  or  current 
in  the  power  circuit,  the  coefficient  of  induction  and  the  length  of 
•parallel.  With  the  voltage  and  current  of  the  power  circuit  and  the 
length  of  parallel  fixed,  the  coeEEieients  of  induction  may  be  used  as 
criteria  for  comparing  various  configurations  of  power  and  conmmni- 
eation  circnita  and  for  judging  the  relative  severity  of  the  inductive 
effects  of  parallels.  Baaed  upon  a  maximum  value  of  Induced  voltage 
permissible  in  the  communication  circuits,  and  given  the  voltages  and 
cnrrents  in  the  power  circuit,  the  coefficients  of  induction  furnish 
means  of  determining  the  minimum  lengths  of  parallel  construction 
which  will  produce  this  induced  voltage  in  the  communication  circuit, 
for  various  configurations  and  relative  positions  of  the  two  classes  of 
circuits.  Thus  the  coefficients  of  induction  may  be  used  in'  formulating 
a  definition  of  parallelism,  i.  e.,  in  specifying  the  limiting  conditions 
of  association  of  power  and  communication  circuits  which  are  liable  to 
create  inductive  interference  in  the  latter  class  of  circuits. 

Q.  Soope. 

"iNareaxvig  ivHaNao — y 
Parallels  of  single-circuit  three-phase  power  lines  and  one  or  two-wire 
communication  circuits  receive  chief  consideration  herein.  Parallels 
involving  twin-circuit  three-phase  power  lines  are  also  considered,  but 
less  extensively,  a  few  representative  cases  being  investigated.  In 
general,  the  conductors  of  two- wire  communication  circuits  were 
assumed  to  lie  in  a  horizontal  plane.  However,  some  computations  were 
made  for  other  arrangements  of  the  communication-circuit  conductors. 
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The  voltage  to  ground  and  between  the  disturbed  oooduetois  indaeed 
by  the  power-circait  voltages,  and  the  mean  voltage  and  di£Eerence  of 
voltagea  along  the  disturbed  conductors  indaeed  by  the  power-circuit 
currents,  were  computed  in  each  case.  The  coefficients  of  inducticoi 
due  to  balanced  and  residual  components  of  tbe  voltages  3nd  currents 
were  considered  separately. 

To  take  advantage  of  the  fact  that  the  coefficients  of  induction  are 
functions  of  the  relative  magnitudes  of  the  cross-sectional  dimensions 
and  independent  of  tbe  absolute  values,  the  dimenaioDB  have  been 
expressed  in  terms  of  the  spacing  of  the  power  conductors;  the  base  of 
the  triangle,  or  if  all  are  in  the  same  plane,  the  greatest  spacing  of  con- 
ductors. Tbis  method  has  tbe  effect  of  reducing  tbe  number  of  variables 
by  one  and  increases  tbe  flexibility  of  the  resolts. 

The  coefficients  of  induction  were  computed  for  communication  cir- 
cuits having  a  wide  range  of  positions  relative  t«  tbe  power  circuits 
so  that  nearly  all  practical  cases  of  parallelism  with  power  circuits  of 
the  types  studied  are  included.  The  scope  of'  tbe  investigation  is 
described  in  detail  in  tbe  sections  immediately  foUowiog. 

B — Single-Circuit  Power  Lines. 

The  configurations  and  range  of  dimensions  of  single-circnit  power 
lines  are  given  in  Table  I. 

The  values  given  in  the  table  are  the  limiting  dimensions  which  were 
used  in  the  computations.  In  most  eases  four  heights,  and  for  induc- 
tion from  the  power  circuit  voltages  four  sizes  of  power  condnctors, 
were  considered. 

The  heights  of  conductors  given  in  the  table  are  referred  to  an 
equivalent  ground  plane.  For  induction  from  the  power-circuit  volt- 
agea this  plane  is  considered  coincident  with  the  earth's  surface.  For 
induction  from  the  power-circuit  currents  it  is  in  general  much  below  the 
earth's  surface.  In  addition  to  the  range  of  heights  indicated  in  the 
table,  tbe  computations  of  induction  from  balanced  currents  were  made 
on  the  assumption  that  the  presence  of  tbe  earth  could  be  neglected, 
expressed  as  infinite  height  of  conductors. 


■dovGoOi^Ic 


TIDCBNICAl.  RBTORT  NO.  »6. 


0-PhaM  LlnM. 


EqullateTol  triangle, 
base  borizoDtat, 
vertex  upward 


iV3d 


0J)15d 


Equilateral  triangle, 

base  vertical  d  JVSd 

ibotb  aides  ol  line)  >    ^ 


Isoaceles  tri  angle, 
base  horizontal. 
vertex  upward 


0.002d 


Unsymmetr  I  ca  1, 

horizontal 

(botb  sidea  of  line) 


I  d.  d/3.  2< 


0.001d 

cooed 


The  coefficients  of  induction  were  computed  for  positions  of  the  dis- 
turbed conductors' in  three  or  four  different  horizontal  planes  varying 
from  the  plane  of  the  lowest  power  conductor  to  a  plane  at  approxi- 
mately half  this  height,  and  in  general  for  five'horizontal  separations 
varying  from  five  times  to  one  hundred  times  the  unit  spacing  of  power 
conductors.  Additional  computations  for  other  pcsitions  were  made 
where  necessary  to  properly  determine  curves. 

For  induction  from  the  power-circuit  voltages  the  complete  schedule 
of  relative  positions  of  circuit  wa.s  carried  out  for  one  size  of  power 
conductors  for  each  configuration:  having  a  diameter  of  0.006d  for  the 
triangular  configuration  and  of  0.003d  for  the  horizontal  and  vertical 
configurations.  For  other  sizes  of  conductor  fewer  coefficients  were  com- 
puted, sufficient  to  determine  the  eifect  of  the  size  of  conductor  for  a 
number  of  representative  cases. 
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In  computing  the  voltage  induced  in  metallic  circuits,  a  constant  ratio 
of  the  spacing  of  the  disturbed  conductors  to  that  6f  the  power  condue- 
tora  was  used  for  each  power-circuit  configuration.  In  addition,  how- 
ever, for  a  few  selected  pomtions  with  respect  to  power  cirenits  of  each 
configuration,  the  effect  of  varying  the  spacing  of  the  disturbed  con- 
ductors was  determined. 

In  addition  to  the  program  aa  indicated  in  Table  I,  coefficients  for 
an  isosceles  triangular  power  circuit  (base  horizontal,  vertex  upward) 
with  various  altitudes  ranging  from  zero  to  1.6  times  its  base,  were 
computed  for  two  horizontal  separations  at  one  vertical  separation. 
Similarly,  computations  were  made  for  an  isosceles  triangolar  power 
circuit  with  base  vertical,  for  various  altitudes  ranging  from  twice  the 
base  with  vertex  away  to  the  same  value  with  vertex  toward  the  dis- 
turbed conductors.  A  like  procedure  was  followed  for  a  horizontal 
power  circuit,  varying  the  position  of  the  inside  conductor  bo  that  the 
spacing  of  power  conductors  nearest  the  disturbed  conductors  varied 
from  0.2  to  0.8  the  spacing  of  the  outside  power  conductors, 

C — Twin-Circuit  Povser  Lines. 

The  twin-circuit  lines  studied  include  only  certain  cases  in  which  the 
conductors  of  the  two  circuits  are  symmetrically  located  with  respect 
to  an  intermediate  plane  perpendicular  to  the  ground  plane.  Tie  com- 
putations involved  in  considering  arrangements  not  fulfilling  this  con- 
dition are  too  complicated  to  be  included  here.  For  each  of  the  twin- 
circuit  configurations,  the  coefficients  were  computed  for  six  different 
methods  of  interconnection  of  the  circuits  for  parallel  operation.  These 
include  all  possible  combinations,  subject  to  the  limitation  that  the 
individual  circuits  be  kept  on  opposite  sides  of  the  supporting  structure, 
which  is  the  usual  procedure. 

The  schedule  of  configurations  and  dimensions  is  pven  in  Table  11. 
The  horizontal  separation  of  the  disturbed  conductors  from  the  power 
lines  varied  from  four.to  one  hundred  times  the  unit  spacing  of  power 
conductors,  except  in  the  case  of  vertical  lines  of  dimensions,  marked 
with  an  asterisk  (•)  for  which  only  one  horizontal  separation  was  con- 
sidered. One  representative  vertical  separation  was  considered  in 
each  case. 

For  induction  from  balanced  voltages,  a  diameter  of  power  conductors 
of  0.006d  was  used  for  the  equilateral  triangular  and  horizontal  con- 
figurations and  0.003d  for  the  isosceles  triangular  and  vertical  configura- 
tions. The  residual  components  of  the  voltages  and  currents  were  not 
considered. 
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D — TEi:.ssoNB-CoNDDaT(s  AsajJif^aassTB. 

As  noted  above,  two  disturbed  condnctois  in  the  same  borizont&l  plane 
were  assumed  in  most  of  the  compatations.  To  compare  various  con- 
%uratioai  of  telephone  circnits  some  additional  computations  were 
nndertaken.  For  two  positions  with  reject  to  three  single-circuit 
power  lines  (triangnlar,  symmetrical  horizontal  and  vertical)  the  coeffi- 
cients of  induction  were  computed  iof  "horizontal,"  "vertical  pole- 
pair"  and  "square"  arrangements  of  phantom  telephone  circuits  having 
the  same  average  separation  from  the  power  circuit.  "Horizontal"  and 
"vertical  pole-pair"  phantom  circuits  are  in  common  use  by  telephone 
companies  throt^ont  the  United  States.  "Square"  phantoms  are  in 
use  by  the  British  Port  Office. 

In  addition,  for  the  same  separations  and  power-circuit  configurations 
nsed  in  the  above  mentioned  study,  the  variation  of  the  induetion  in 
two-wire  metallic  circuits  with  the  angular  position  of  the  plane  of  their 
conductors  was  determined.  This  was  done  lai^y  as  a  matter  of 
scientific  interest.  However,  the  results  have  a  practical  application 
to  eases  of  bracketed  circuits. 

In  both  of  these  studies  the  coefficients  ot  induction  due  to  the  bal- 
anced components  of  the  power-circuit  voltages  uid  currents  were  com- 
puted for  all  three  power-circuit  con^turations.     For  the  lesidnal 
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coiuponenta,  only  the  triangular  power  oircuit  was  considered,  since  the 
results  in  this  eriSe  depend  feirt  Ktt!e-  upon  flie  iJon%uration '  of  the 
power  circuit 

m.  Hotbod  of  Proeedore.. 

A — Computations. 

Formulas  for  eomputing  the  coefficients  of  induction  are  given  in 
technical  report  No.  64.  Forms  for  systematizing  the  solution  of  these 
formulas,  fully  described  therein,  were  used  throughout  the  compata- 
tiona  for  this  study.  These  forms,  which  are  designed  espeeislty  for 
use  with  calculating  machines,  reduce  the  solution  of  the  formulas 
to  routine  arithmetical  operations.  The  combined  use  of  computation 
forms  and  calculating  machines  greatly  increased  the  accuracy  and  speed 
of  the  work,  which  was  done  by  a  corps  of  from  five  to  seven  computers. 

Great  care  was  observed  throughout  to  secure  accurate  reaulla.  Vari- 
ous means  of  checking  were  used  both  during  the  course  of  the  work  and 
as  a  test  of  the  completed  results.  A  number  of  simple  rules  for 
detecting  errors  were  standardized  and  each  computer  required  to  apply 
them  to  each  sheet.  In  general  the  computations  were  performed  by  one 
computer,  after  the  fundamental  dimensional  data  had  been  ehecked  by 
another.  The  "electric  charge"  sheets,  upon  which  the  coefBeients  of 
induction  for  several  pceitions  of  the  disturbed  conductors  depend,  were 
checked  by  independent  computations..  The  effort  waa  made  to  have  the 
coefficients  determining  any  pne  curve  worked  out  by  different  com- 
puters to  reduce  the  chance  of  personal  errors  affecting  aU  points 
similarly.  WheneVier  the  plotting  showed  a  value  to  be  questionable, 
it  was  carefully  looked  up  and  recomputed  if  necessary. 

All  operations  were  carried  out  so.  as  ^o  insure  f our  signifleant  figures 
ip  the  result,  with  the  e^c^eptjon  of  a  few  cases,  which  would  require  the 
use  of  more  thap  ten  pl^ce  logarithmic  tables.  The  formulas  involve 
logarithms  of  certain  quantities,  hence  their  use  waa  necessary  to  a 
limited  extent  though  all  operations  of  multipUeation  and  division  were 
performed  with  calculating  machines.  .^  .  ^   ,    ■ 

A  total  of  2630  (imputation  forms,  (letter  wze)  waa  required  for  the 
work,  exclusive  of  .wastage.  The  total  number  of  coefficients  computed 
on  these  fomjs  ia  apprDxima.tely;7750, 

B — Graphical  Uepeesentation. 
Practically  all  the  results  are  represented  graphically  upon  the  214 
curve  sheets  attaehed-    In  general,  each  curve  sheet  contains  families  of 
curves  sbowiag  the  TA''i^tion  of  coef&cients  of  induction  with  some  one 
factor  for  ctmstaut  valuesof  all  others. 
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•imn  G]iiEieUlciRtiM<'«f  the  ««FA'fllMet«ii»tii:'Ml]kaatidl'lHswrd''witfa1fie 
following:  ■■"'  ■■  "■■  ■"■■!  ■  'v'w  ■  '■•  T-     ^-  • 

(Ij  Powercireoit  configurations.         ■  •  •■  ■•  ^  ■  ■•■•■  .  • 

(2)  Induction  diie  to  Voltages  or  cmrenta. 

(3)  ^alaiiced  or  reudn^  compoiientB.' 

1[4)  Mean  or  'diffei-ence  of  induced  voltages.' 
(5)  YariaMe  ^mensiouB. 

Tbe  detailed  scheme  of  olaauficctioD' isdcarfy  Aotmi^  .tbe^index  of 
tka  oniTfl  dieets. 

Curves  for  TSiiBble  horizontal  sepeiAtioa  and  Tariabls  hei^it  of 
•Midactws,  and  in  a  few  caaes  for  variable  horuceatal  e^uraticn  and 
variable  vertical  separation  are-  grouped  en  the  same,  ibeet.  In.  all 
other  oasea  curves  for  only  one  TarisMe  distension,  are  drawn  OQ:  a 
sheet. 

Several  sizes  and- types  of  orosB-aection  paper  were  naed  to  St  tiie 
varying  requirements.  Logarithmie  eroBS-eactictn  paper  waa  requred 
to  adequately  show  the  variation  of  the  coetBcienta  with  horizontal 
separation  and  height  of  conductors,  on  account  of  the  extreme  range 
in  ma^tnde  of  the  coefficients,  1,000,000  to  1,  and  on  account  of  tiie 
nature  of  the  functions.  No  Ic^arithmic  paper  exactly  suitable  could 
be  obtained  so  it  waa  necessary  to  join  several  squares  of  paper  in 
order  to  cover  the  range.  For  a  few  representative  cases  the  variation 
of  the  coefficients  with  horizontal  separation  was  plotted  on  uniformly 
divided  croa^-seotiou  paper  in  order  to  give  an  nndistprted  picture  of 
this  relation  and  aa  a  contrast  to  the  curves  on  logarithmic  pa^er. 

In  nearly  all  eases  the  effect  of  vertical  separation  of  the  two  classes 
of  circuits  is  shown  on  uniformly  divided  -cross-section  paper,  groupa 
of  curves  for  several  heights  of  conductors  being  given  on  one  sheet, 
each  group  consisting  of  curves  showing  the  variation  of  the  ooelBcnenta 
with  vertical  separation  for  several  values  of  liorizontal  separation. 

The  effect  of  the  diameter  of  the  power-circuit  conductors  is  shown 
oa  "uniformly  divided  cross-section  paper  as  a  correction  factor,  all 
coefficients  being  expressed  as  percentages  of  the  coefficients  for  the 
standard  diameters  asumed  for  the  major  portion  of  the  computationa. 

The  coefficients  of  induction  due  to  twin-circuit  power  lines  are 
plotted  on  logarithmic  paper.  The  curves  are  for  variable  horizontal 
separation  only,  and  show  the  effect  of  the  individual  circuits  and  the 
resultant  effect  of  the  twin  circuits  for  six  methods  of  parallel  oper- 
ation. For  comparing  the  induction  from  single  and  twin  power 
circuits  special  cross-section  paper  having  a  logarithmic  scale  of 
abscissas  and  a  uniformly  divided  scale  of  ordinates  was  developed 
and  used  for  showing  the  coefficients  of  induction  for  the  six  methods 
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of  pArril«l  <^eratioQ  of  the  twin  oinwite  m  perQentagos  o£  ttl«  «Mffi- 
cients  for  the  siiigle  power  circuits. 

Charts  of  " isoinduction  lines"  were  conatrueted  for  picturing  the 
character  of  the  electric  and  magnetic  fields  surrounding  differeot  types 
of  power  circuits.  These  "isoinduction  lines"  are  aoalogous  to  the 
coDtour  lines  of  a  topographical  map. 

A  number  of  other  plots,  most  of  which  are  of  a  special  nature,  sucb 
as  ratios  of  the  effects  of  different  configoratioos  and  other  factors, 
are  shown  on  OBitonnly  divided  cpoes-sectioa  paper. 

Each  curve  sheet  has  been  made  a  complete  unit  in  itself,  independent 
of  other  curve  sheets,  tables  or  the  text  of  this  report.  For  this  pur- 
pose each  sheet  contains  a  titla  including  a  brief  description  of  tiie 
dimensions  and  a  in-oss^eetionat  diagram  of  the  parallel,  showing  the 
configuration  and  rdative  positions  of  power  circuit  and  disturbed 
conductors. 

The  completed  curves  have  been  checked  against  the  original  etnn- 
pntation  deets  to  insure  accuracy. 

C — TABuiidnoK. 

The  coefficients  are  given  for  purposes  of  record  and  convenient 
reference  in  92  tables.  These  tables,  together  with  two  index  sheets, 
are  attached.  As  in  the  case  of  the  curve  sheets,  each  table  is  a  unit 
complete  in  itself,  and  each  contains  references  to  the  curve  sheets  upon 
which  the  data  given  therein  are  plotted. 

A  few  points  computed  for  the  purpose  of  determining  critical 
positions  of  the  curves  are  not  tabulated  in  the  main  taMes  due  to 
waste  space  such  tabulation  would  require,  but  are  given  according  to 
configurations  in  a  miscellaneous  table. 

IV.  Diisousioii  of  Besnlta. 

A — Single-Circuit  Power  Lines. 

1.  Effect  of  Dimensional  Variations. 

The  diiTerent  power-line  configurations  are,  with  the  exception  of 
the  vertical,  quite  similar  as  regards  manner  of  variation  of  the  coefS- 
cients  of  induction  with  variation  of  the  cross-sectional  dimensions  of 
the  parallel.  Therefore,  with  the  exception  of  the  vertical,  which 
receives  t^jccial  mention,  the  following  discussion  applies,  in  general, 
to  all  the  configurations  studied. 

Tho  variable  dimensions  are:  spacing,  height  and  diameter  of  power 
conductors,  horizontal  and  vertical  separation  of  disturbed  conductors 
from  power  conductors  and  spacing  of  disturbed  conductois.  In  the 
succeeding  paragraphs  discussing  the  effect  of  varying  any  one  dimen- 
sion all  others  are  assumed  as  fixed,  unless  otherwise  stated. 
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Eorizontal  Separation.  The  decrease  of  the  coefficients  of  induction 
with   increase   of  horizontal   separation   is   expressed   approxima,tely 

by  the   formula,   E  ^  K   |"~5"l  ,  aince  the  carves  are  approximately 

straight  lines  on  logarithmic  paper,  with  diminishing  values  of  coeffi- 
cients with  increasing  separation.  On  some  of  the  curves  the  slope 
increases  as  the  horizontal  separation  increases,  thus  indicating  that  the 
coefficients  decrease  more  rapidly  than  is  indicated  by  the  above  approxi- 
BUte  formula. 

Table  III  presents  average  values  of  the  exponent  n  for  the  several 
eonfignrations  and  classes  of  coefficients.  The  largest  values,  about  3, 
are  observed  for  induction  between  the  conductors  of  metallic  circuits, 
from  power-circuit  voltages,  For  other  cases  the  values  of  n  are  less, 
tailing  to  1  for  induction  from  residual  current  into  grounded  circuits. 
With  this  <;hief  exception  the  induction  into  grounded  circuits  decreases 
niaghly  as  the  square  and  induction  into  metallic  circuits  as  the  cube 
of  the  horizontal  separation. 

Height  of  Conductors.  Increase  in  the  height  of  the  conductors,  of 
Mk  power  and  disturbed  circuits,  is,  in  general,  accompanied  by  an 
increase  in  the  coefficients  of  induction,  the  rate  of  variation  of  the 
coefficients  with  height  becomii^;  greater  as  the  horizontal  separation 
at  circnits  is  increased.  This  effect  is  somewhat  greater  on  the  induc- 
tion from  the  residual  than  on  induction  from  the  balanced  compo- 
nents of  both  voltages  and  currents. 

Owing  to  the  imperfect  conductivity  of  the  earth,  the  neutral  plane 
ot  the  magnetic  field  set  up  by  the  currents  of  the  power  circuit  is  not 
coincident  with  the  earth's  surface  but  several  hundred  feet  below  it. 
The  practical  range  of  variation  in  height  of  circuits  is .  relatively 
small  when  referred  to  this  neutral  or  equivalent  ground  plane.  Hence 
the  effects  of  variations  in  height  are  much  less  pronounced  on  the 
coefficients  of  induction  due  to  the  currents  than  on  the  coefficients 
of  induction  due  to  the  vcdtages;  the  neutral  plane  in  the  electric 
field  set  up  by  the  voltages  being  practically  coincident  with  the 
earth's  surface.  For  the  triangular  and  horizontal  eonfignrations 
and  at  small  separations  of  lines  the  e£^t  of  the  earth  on  the 
induction  trora;  balanced  currents  m^  be  negleeted  with  raull  error, 
particularly  in  computations  of  induction  in  metallic  circuits.  For 
illustration  see  Curve  Sheets  Nos.  14  and  18. 

Increase  in  the  height  of  power  conductors,  height  of  disturbed  con- 
ductors remaining  constant,  may  cause  cither  an  increase  or  decrease 
io  the  coefficients  of  induction  depending  upon  particular  conditions. 
No  curves  are  presented  to  show  this  relation.     Variation  in  height  of 
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disturbed  conductors,  height  of  power  conductors  remaining  constant, 
ia  discussed  below  under  "Vertical  Separation," 

Vertical  Separation.  Positions  of  disturbed  conductors  above  the 
plane  of  the  lowest  power  conductor  were  not  considered'  With  dia- 
turbed  conductors  below  the  power  conductors,  the  coefBeienta  of  induc- 
tion decrease  with  increase  in  vertical  separation,  measured  from  the 
plane  of  the  lowest  power  conductors.  In  other  words,  as  the  height 
of  the  disturbed  conductors  approaches  that  of  the  power  conductors 
tiie  induction  increases.  -  This  relationship  is  approximately  linear 
Hcept  at  the  smaUer  horizontal  separations.  When  the  vertical  sepa- 
ration is  equal  to  the  height  of  power  conductors  above  the  equivalent 
groimd  plane  (that  is,  when  the  disturbed  conductors  are  in  this  neu- 
tral plane)  the  coefficients  are  equal  to  zero.  The  practical  variations 
of  vertical  separation  have  much  less  effect  on  induction  from  the  cur- 
rents than  on  induction  from  the  voltages  since  for  the  former  the 
equivalent  ground  plane  is  much  below  the  surface.  Circuits  on  and 
even  somewhat  below  the  earth 's  surface  are  subject  to  the  inductive 
effects  of  the  currents  of  parallel  power  circuits  though  unaffected  by 
the  voltages. 

Diameter  of  power  conductors.  The  electric  charges  on  the  power 
conductors,  for  given  voltages,  increase  slowly  with  conductor  diameter, 
thus  causing  an  increase  in  the  coefficients  of  induction  from  the  power- 
circuit  voltages.  For  a  variation  of  power-conductor  diameter  of  from 
30  to  270  per  cent  of  the  diameters  assumed  in  the  major  portion  of  the 
computations,  the  greatest  corresponding  variation  in  the  magnitudes 
of  coefficients  is  from  about  70  to  140  per  cent  for  balanced  voltages 
and  90  to  110  per  cent  for  residual  voltage.  Induction  from  the  power- 
circuit  currents  is  not  affected  by  the  size  of  the  power  conductors. 

Spacing  of  power  conductors.  In  general,  for  all  types  of  power 
circuit  an  increase  in  the  spacing  of  the  conductors  causes  an  approx- 
imately proportionate  increase  in  the  magnitudes  of  the  coefficients  of 
induction  from  the  balanced  voltages  and  currents,  as  shown  by  Curve 
Sheets  Noa.  137  to  141,  inclusive.  The  effect  of  the  spacing  of  the 
power  conductors  on  the  coefficients  of  induction  from  residual  current 
is  very  small,  as  shown  by  Curve  Sheet  No.  214.  For  large  separations 
and  also  if  the  center  of  gravity  of  the  conductor  arrangement  remains 
the  same,  variations  of  spacing  have  even  less  effect  than  shown  by 
these  curves.  The  coefficients  of  induction  from  residual  voltage 
increase  slowly  with  the  spacing  of  the  conductors  due  to  increased 
charge  per  unit  of  voltage.  This  increase,  as  shown  by  Curve  Sheet 
Xo.  213,  may  amount  to  50  per  cent,  for  an  increase  in  spacing  from  2 
to  20  feet. 
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J)UpiaceoiBnt  of  intermediate  con4uctot:  of  horizontal  power  circuit. 
Displacements  from  tlie  .median  position  vp  to  30  per  cent  of  the  spac- 
ing of  tUe  outside  conductors  were  considered.  This  extreme  dispUce- 
Ktent  cof responds  to  .a  ratio  of  the  spacings  from  the  intermediate  con- 
ductor , to  the  outside  conductors  of  4:1.  The  coefficients. of  inductioji 
from  bftlsnced  currents  are  approximately  minimum  when  the  inter- 
mediate conductor, is  in.  the  median  position,  and  for  equal  displace- 
jnenta  in  the  two  directions,  toward  or  away  from  the  disturbed  con- 
ductors,.the  coefficients  are  approximately  equal.  The  total  change  in 
magnitude  of  the  coefficients,  due  to  the  extreme  displaeements,  amounts 
to  only  a  few  per  cent.  The  coefficients  of  induction  from  balanced 
voltages  vary  between  limits  of  60  and  190  per  cent  of  those  for  the 
median  position,  the  lowest  values  occurring  when  the  intermediate  con- 
ductor is  displaced  toward  the  disturbed  circuit.  The  effect  on  the 
coefficients  from  residual  voltage  and  current  is  small,  the  extreme 
variation  being  less  than  4%.  The  effects  discussed  in  this  paragraph 
are  shown  on  Curve  Sheets  Nos,  134,  135  and  136. 

Altitiide  of  power-circuit  triangle.  Large  variations  occur  in  the 
coefficients  of  induction  from  the  balanced  voltages  and  currents  of  tri- 
angular power  circuits,  as  the  altitude  is  varied.  The  coefBcients  for 
the  residual  components  are  affected  but  little.  These  effects  are 
shown  on  Curve  Sheets  Nos.  128,  129  and  130  for  horizontal-base  tri- 
angles and  Nos.  131,  132,  133  for  vertical  base.  In  the  latter  case,  base 
vertical,  the  coefficients  for  the  balanced  components  of  both  voltage 
and  current  are  nearly  minimum  when  the  altitude  is  zero  (all  con- 
ductors in  a  vertical  plane)  and  for  the  same  altitude  the  coefficients 
are  nearly  the  same  whether  the  vertex  of  the  triangle  is  toward  or 
away  from  the  disturbed  conductors.  The  magnitude  of  the  effect 
varies  greatly  with  the  height  of  the  power  conductors  and  the  relative 
position  of  the  circuits.  With  the  base  horizontal  the  coefficients  of 
induction  from  balanced  currents  are  smallest  when  the  altitude  is  zero 
(all  conductors  in  horizontal  plane)  and  increase  with  increase  of  alti- 
tude. The  coefficients  for  balanced  voltages  may  first  decrease  to  a 
minimum  with  increase  of  altitude  and  then  increase.  The  magnitude 
of  the  effect  varies  greatly  with  the  height  of  power  conductors  and 
relative  position  of  circuits. 

Spacing  of  disturbed  conductors.  Induction  in  two-wire  metallic 
circuits  is  directly  proportional,  within  one-half  per  cent,  to  the  spacing 
between  the  two  conductors;  up  to  0.5  the  average  spacing  of  the  con- 
ductors of  the  power  circuits.  No  curves  are  presented  to  show  this 
relation,  The  data  upon  which  this  statement  is  based  are  recorded  in 
the  attached  tables. 
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Exceptional  effects  with  vertical  configuration.  The  foregoing 
statements  disregard  some  marked  peenliaritiea  of-  tlie  electric  and 
magnetic  fields  khoat  vertical  power-circaits,  dne  to  the  balanced 
voltages  and  currents.  For  example,  as  the  horiKoatal  separation 
increases  the  coefficients  of  induction  from  balanced  currents  decrease 
very  rapidly  at  first,  pass  a  sharp  minimnm,  increase  rapidly,  reach  a 
maximum  and  thereafter  decrease  at  a  rate  approrimatinp  that  o£ 
curves  for  other  configurations.  Curves  of  a  somewhat  similar  char- 
aeter  oCeur  for  other  variables.  For  balanced  currents  the  peculiarities 
are  much  more  pronounced  than  for  balanced  voltages.  The  variation 
Df  the  coefficients  of  induction  from  balanced  currents  with  horizontal 
separation  is  such  that  the  minimum  points  of  the  curvea  giving  the 
difference  of  the  voltages  induced  along  two  closely  adjacent  conductors 
are  practically  coincident  with  the  maximum  points  of  the  curves  for 
file  mean  indnced  voltage.  An  example  of  this  relation  is  afforded  by 
comparing  Curve  Sheets  Nos.  114  and  120. 

2.  Isoinductian  Lines. 
Curve  Sheets  Noa.  148,  149,  and  160  show  the  electric  and  magnetic 
fields  existing  in  the  neighborhood  of  power  circoits  of  vertical,  hori- 
zontal and  equilateral  triangular  configurations,  due  to  the  balanced 
voltages  and  currents.  " Isoindnction  lines"  connect  points  having  the 
same  magnitude  of  induced  voltage,  differences  of  phaae  being  disre- 
garded. It  will  be  noted  that  the  isoindnction  lines  are  closely  crowded 
Dear  the  power  circuit  and  that  their  spacing  increases  with  increase  of 
horizontal  separation,  corresponding  to  the  rapid  decrease  in  magnitode 
nf  the  coefiScients  with  increasing  horizontal  separation.  The  peculiar 
characteristics  of  the  fields  about  the  vertical  power  circuit  are  espe- 
cially noteworthy. 

3.  Comparisons. 

Induction  from  voltaffBS  and  currents.  The  general  forms  of  corre- 
sponding curves  of  coefiicients  of  indnction  from  voltages  and  currents 
are  similar.  The  rate  of  decrease  of  the  coefficients  with  horizontal 
separation  is  considerably  greater  for  induction  from  voltages  than  for 
isduction  from  currents,  as  may  be  seen  from  an  inspection  of  Table  III. 
The  effect  of  practical  variations  in  the  height  of  conductors  and 
vertical  separation  of  circuits  is  much  greater  for  induction  from 
voltages  than  for  induction  from  currents.  These  effects  are  due 
chiefly  to  the  great  difference  in  the  position  of  the  equivalent  ground 
plane  for  the  two  cases. 

Induction  in  grounded  and  metallic  oircuits.  Clirve  Sheets  Nos.  195, 
197  and  199  show  the  variation  with  horizontal  separation  of  the  ratio 
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of  the  mean  to  the  difiference  of  iaduced  voltage  to  ground  or  along  a 
pair  of  conductors  for  three  configurations.  The  ratios  are  approxi- 
mately proportional  to  the  horizontal  aeparatiou  and  may  range  from 
10  to  1000  in  praetioal  cases. 

Effect  of  balanced  <md  residual  components.  For  equal  magnitudes 
of  balanced  and  residual  voltages  and  currents  the  coefficients  of  induc- 
tion from  residual  components  are,  in  general,  the  greater.  For  the 
voltages  this  ratio  ranges  from  2  to  9  and  for  the  currents  from  5  to 
100,  and  even  greater  at  critical  separations  from  vertical  power  cir- 
cuits. Excepting  the  vertical  configuration,  the  ratios  increase  with 
increase  of  horizontal  separation,  tending  toward  constant  values  at 
lai^e  separations.  The  variations  of  the  ratios  with  horizontal  separa- 
tion are  shown  on  Curve  Sheets  Nos.  196,  198  and  200. 

By  definition  the  residual  voltage  or  current  of  a  three-phase  circuit 
is  three  times  the  residual  component  of  any  one  of  the  eondnetors. 
The  above  ratios  and  those  given  by  the  curves  do  not,  therefore,,  give 
a  true  comparison  of  the  cumulative  and  differential  effects,  respec- 
tively, of  residual  and  balanced  components  of  voltages  and  currents. 
■For  this  purpose  the  ratios  should  be  multiplied  by  three,  making  the 
residual  and  balanced  components  per  condnctor  the  same  in  magnitude. 

Power-circuit  configurations .  To  obtain  a  comparison  of  different 
configurations  of  single-circuit  power  lines  with  respect  to  induction  in 
a  parallel  communication  circuit,  representative  dimensions  were  chosen 
foi:  100,  €0,  30  and  11-kV.  lines  and  the  induced  voltages  In  a  parallel 
commtmieation  circuit  detennincd  from  the  curves.  The  configurations 
considered  were  equilateral  triangular,  with  base  horizontal  and  base 
vertical,  symmetrical  horizontal,  vertical,  and  for  the  11  and  SO-kY. 
lines,  the  unsymmetrical  horizontal, 

A  communication  circuit  of  two  conductors  one  foot  apart  was 
assumed  at  a  height  of  25  feet  above  ground.  The  horizontal  separation 
from  the  power  circuit  was  varied  from  a  minimum  of  30  feet  to  a 
maximum  of  from  200  to  1000  feet,  depending  on  the  power-circuit 
voltage. 

The  induced  voltages  to  ground  and  between  the  disturbed  conduc- 
tors, caused  by  the  balanced  voltages  to  ground  of  the  power  circnit, 
and  the  mean  voltage  and  difference  of  voltages  induced  along  the 
conductors  by  the  balanced  currents  were  obtained  in  each  case.  These, 
expressed  in  terms  of  the  coefficients  for  the  corresponding  triangular 
power  circuit  (base  horizontal)  are  plotted  on  Curve  Sheets  Nos.  201 
to  204.  inclusive,  showing  the  variations  with  the  horizontal  separation 
of  circuits.  Full  data  concerning  the  dimensions  and  relative  positions 
of  the  two  classes  of  circuits  are  given  on  these  curve  sheets. 
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It  i0  not  poBffiMe  to  draw  a  gMeraKy  &pplicabl«  conclusion  regarding 
the  most  advantageous  type  of  power  circuit  for  minimizing  the  indnc- 
tive  disturbances  in  neighboring  eommunicBtion  circtiits,  as  it  raries 
with  the  Bpaeing  of  the  power  conductors  (determined  by  the  voltages); 
the  type  of  induction  and  the  horizontal  separation  of  cireuita. 

The  figures  in  Table  IV  show  the  range  of  horizoiital  separations 
within  which  the  specified  configuration  gives  the  urinimum  coefficients 
of  induction. 
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Considering  the  range  of  separations  from  50  to  75  feet,  which  will 
include  most  cases  of  parallel  lines  separated  by  the  width  of  a  highway, 
the  vertical  configuration  has  the  smallest  coefficients  of  induction  from 
balanced  voltages  for  power  circuits  over  30-kV.  For  power  circuits  of 
less  than  SO-kV.  the  vertical  and  equilateral  triangular  configurations 
have  nearly  equal  coefficients,  which  are  smaller  than  those  of  the  other 
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confi^liratione  studied.  The  horizontal  configuration  has  the  largest 
coefficients  for  high-way  Beparationa, 

For  practically  the  entire  range  of  horizontal  separations  the 
coefficients  of  induction  from  balanced  ouirents  are  smallest  for  the 
vertical  configuration. 

For  large  separations  of  power  and  communication  circaita  the 
coefficients  of  induction  from  balanced  voltages  are  smallest  for  thd 
horizontal  configuration  (symmetrical  and  iinsymmetrical)  and  largest 
for  the  vertical  configuration. 

The  induction  from  the  equilateral  triangular  power  circuit  is  prac- 
tically the  same  whether  the  base  is  horizontal  or  vertical,  and  if  the 
latter,  whether  the  vertex  is  toward  or  away  from  the  communication 
circuit. 

With  the  horizontal  configuration,  the  coefBcienta  of  induction  from 
balanced  currents  are  less  when  the  intermediate  conductor  ia  in  the 
median  position  than  if  displaced  toward  or  away  from  the  communi- 
cation circuit.  The  magnitudes  are  approximately  the  same  for  corre- 
sponding positions  of  the  intermediate  conductor  toward  or  away  from 
the  commnnication  circuit.  The  coefficients  of  induction  from  the 
balanced  voltages  are  greater  if  the  intermediate  conductor  is  displaced 
away  from  the  communication  circuit  than  if  symmetrically  placed  or 
displaced  toward  the  communication  circuit.  Except  for  small  separa- 
tions (less  than  90  feet  for  induction  in  metallic  circuits  and  40  feet 
for  induction  in  grounded  circuits)  from  ll-kV.  lines,  the  induetioo 
from  balanced  voltages  is  less  when  the  intermediate  conductor  is  diB- 
plaoed  toward  the  communication  circuit  than  when  in  the  median 
position. 

For  average  highway  separations,  considering  the  induction  due  to 
balanced  voltages  and  balanced  currents,  the  configurations  in  order  of 
preference  are : 

Lines  over  UneB  under 

30-kV.  30-kV. 

1.  Vertical  Equilateral  Triangular 

2.  Equilateral  Triangular  Vertical 

3.  Horizontal  Horizontal 

For  low-voltage  lines  a  symmetrical  horizontal  configuration  is  better 
than  an  unsymmetrical.  If  an  unsymmetrical  horizontal  configuration 
is  used,  it  is  advantageous  to  have  the  intermediate  conductor  on  the 
side  towards  the  communication  circuit. 

"With  high-voltage  lines,  when  the  separation  of  the  circuits  is  200 
feet  or  more  a  symmetrical  horizontal  configuration  ia  best,  Unsym- 
metrical horizontal  configurations  were  not  considered  for  high-voltage 
lines.  ^ 
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It  is  to  be  noted  that  the  vertical  configuration  is  not  naually 
employed  for  a  aingle-cironit  line  except  with  the  nltimate  constniction 
of  twin  eircoita  in  view. 

B — TwiN-CiBCurp  Powni  Luna. 
The  six  methods  of  interconnection  of  the  twin  circuits  for  parallel 

operation  which  were  considered  are  shown  and  indicated  by  number  in 
Table  V,  for  the  five  different  eon  figurations  of  line  studied.  In  the 
following  discussion  and  on  the  curves  these  numbers  are  used  in  briefly 
identifying  the  different  methods. 

Memoes  or  iNTeACDNNEcnoN  fob  Rmwmj.ci.  OPCRATtON 
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1.  Vertical. 
(Curve  Sheets  Nos.  155  to  160  and  179  to  182,) 

The  dimensions  used  for  this  configuration  correspond  to  those  gener- 
ally employed  for  60-kV.  circuits  of  this  type. 

The  curves  of  variation  with  horizontal  separation  are  similar  in 
form  to  those  for  the  single  vertical  circuits  and  contain  similar  max- 
imum and  minimum  points.  Throughout  the  range  of  horizontal  sepa- 
rations the  largest  values  of  induced  voltaj^e  to  ground  from  the  balanced 
voltages  {about  double  those  of  one  of  the  single  circuits)  occur  with 
Methods  Nos.  1  and  4  and  the  smallest  (about  half  those  of  one  of  the 
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single  cir<:uit3)  with  Method  No.  2.  For  the  volta^  ioduced  between 
eondactors  by  the  balanced  voltages  the  smallest  values  occur  .with 
Method  No.  2  except  for  small  separations.  The  largest  values  occur 
with  Methods  Nos.  1  and  4. 

When  the  effect  of  the  earth  is  neglected  the  curves  of  the  coefiBcionts 
of  iDductioD  from  balanced  currents  are  uearly  straight  lines  and  par- 
allel, on  logarithmic  paper.  Throughout  the  range  of  separation 
Method  No.  1  gives  the  largest  coefficients,  about  double  those  of  the 
single  circuits  and  No.  2  gives  the  smallest,  less  than  half  of  those  of 
the  single  circuits.  This  is  true  both  for  the  mean  voltage  and  for  the 
difference  of  the  voltages  induced  along  the  conductors.  "With  the 
equivalent  ground  plane  20d  below  the  plane  of  the  lowest  power  con- 
ductors there  are  maximum  and  minimum  points  in  the  curves.  Except 
for  a  small  portion  of  the  range  Method  No.  2  gives  the  smallest 
coefficients  and  No.  1  the  largest.  In  general.  Method  No.  2  is  the  best. 
No.  5  and  No.  6  give  very  nearly  the  same  result  as  the  single  cirenits 
while  Nos.  1  and  4  are  the  worst. 

2.  Isosceles  Tnaiigles — Bases  Vertical — Vertices  Outward. 
(Curve  Sheets  Nos.  161  to  166  and  183  to  186.) 

This  configuration  differs  from  the  vertical  in  that  the  middle  con- 
ductors are  each  displacnd  outward  |  the  distance  between  the  top 
and  lowest  conductors  and  the  height  of  the  lowest  power  conductors  is 
2d  instead  of  2.5d.  The  dimensions  correspond  to  those  ordinarily  used 
for  lOO-kV.  circuits  of  this  type. 

The  curves  for  balanced  voltages  are  similar  to  the  corresponding 
curves  for  the  vertical  configuration.  Throughout  the  range  of  hori- 
zontal separations  the  induced  voltages  are  the  smallest  when  the  two 
circuits  are  paralleled  according  to  Method  No.  2.  For  nearly  the 
entire  range  of  separations  the  values  for  this  method  of  operation  are 
less  than  half  of  those  for  the  single  circuits. 

Considering  the  induction  from  balanced  currents  Method  No.  2  gives 
rise  to  the  smallest  values  of  the  mean  voltage  induced  along  the  con- 
ductors throughout  the  range  considered,  when  the  effect  of  the  earth 
is  neglected,  and  for  all  except  a  small  portion  of  the  range  when  the 
equivalent  ground  plane  is  20d  below  the  plane  of  the  lowest  conductors. 
With  minor  exceptions,  I^Iethod  No.  2  gives  the  smallest  values  of  the 
difference  of  the  voltages  induced  along  the  conductors  for  both  posi- 
tions of  the  equivalent  ground  plane. 
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3.  Equiiateral    Triangles  —  Bases    Horizontal -^Vertices 

Dovmviard. 
{Curve  Sheets  Nos.  167  to  172  and  187  to  190.) 

The  dimensions  used  for  this  oonfigorfttion  correspond  to  thoee  of  a 
22-kV.  line. 

No  method  of  parallel  operation  gives  values  of  induced  voltage  to 
ground  or  between  conductors  from  balanced  voltages  less  than  a  sir^le 
dreuit  except  for  large  horizontal  separations.  For  large  separations 
Method  No.  S  gives  the  smallest  values,  less  than  those  of  a  single  cir- 
cuit. No.  6  about  the  same  as  a  single  circuit  and  the  other  methods 
greater,  No.  1  giving  the  maximum  values. 

The  method  of  operation  (No.  3)  which  gives  the  smallest  values  of  - 
induced  voltages  from  balanced  voltages  with  largest  separations,  gives 
Talues  of  induced  voltages  from  balanced  currents  about  equal  to  the 
arerage  of  the  single  circuits.  Method  No.  1  gives  the  smallest  values 
of  induced  voltages  from  balanced  currents,  less  than  a  single  circuit 
for  the  greater  part  of  the  range  of  separations,  its  advantage  increas- 
ing as  the  height  of  the  conductors  above  equivalent  ground  is  increased. 
(Compare  curves  for  H/d  =  40  and  infinity,  Curve  Sheets  Nos.  169 
and  170.)  This  method  which  gives  the  minimum  value  of  indnction 
from  balanced  currents,  gives  the  maximmn  value  of  induction  from 
balanced  voltages. 

4.  EquiUUeral    Tnangles  —  Bases   Sorizontai  —  Verticea 

Upward. 
(Curve  Sheets  Noa.  173  to  178  and  191  to  194.) . 

The  dimensions  assumed  for  this  configuration  correspond  to  those 
assumed  for  triangular  circuits  with  vertices  downward  and  apply  to 
22-kV".  lines. 

Except  at  large  horizontal  separations  the  induced  voltages  to  ground 
aud  between  conductors  due  to  the  balanced  voltages  of  the  twin  cir- 
cuits, for  all  methods  of  parallel  operation,  are  greater  than  the  corre- 
sponding values  due  to  either  of  the  single  circuits.  At  large  separa- 
tions Method  No.  4  gives  rise  to  smaller  values  than  either  of  the  single 
tircuits,  and  No.  5  to  values  about  equal  to  those  of  the  single  circuits. 

Method  No.  4  which  is  advantageous  with  respect  to  the  induction 
from  balanced  voltages  gives  about  the  same  coefficients  of  induction 
from  balanced  currents  as  the  average  of  the  single  circuits.  Method 
Xo.  1,  which  gives  the  maximum  effect  from  balanced  voltages,  gives 
the  minimum  effect  from  balanced  currents,  less  than  for  either  oE 
the  single  circuits  throughout  the  greater  part  of  the  range  of  separa- 
tions    The  advantage  of  Method  No.  1  for  induction  from  balanced 


(jijrrents  increaaes  m  the  height  of,  the  conductors  «boye  equivalent 
ground  plane  increases.     (Compare  curves  for  H/d.=*=  40  and  infinity). 

5.  Hor^tital. 

(Curve  Sheets  Nob.  206.  to  212.) 

The  dimensions  assumed  correspond  to  those  of  11-kV.  circuits  of 
this  type. 

The  coefficients  of  induction  from  balanced  voltages  of  the  twin 
circuits  are  in  all  caSes  greater  than  those  for  one  of  the  single  circuits. 
Jfethod  No.  3  gives  the  smallest  coefficients  and  No.  5  the  largest  at 
small  separations,  No.  6  the  smallest,  and  Nos.  1  and  4  the  largest  at 
large  separations. 

■  Method  No.  1  gives  the  smallest  coefficients  of  induction  from  bal- 
anced currents  throughout  the  range  of  horizontal  separations  and 
No.  2  the  largest.  The  coefficients  corresponding  to  Method  No.  1  range 
from  50  to  5  per  cent  of  those  for  a  single  circuit,  the  advantage 
increasing  with  horizontal  separation. 

6.  Summoiry. 

With  twin  circuits  of  the  vertical  type  or  having  the  middle  con- 
duetors  displaced  slightly  outward  from  the  plane  af  the  top  and 
lowest  conductors,  the  two  oireuits  may  be  so  operated  that  the  indnc* 
tion  from  them  in  a  parallel  conununieation  circuit  is  leas  than  from 
a  single  circuit  of  the  same  type.  For  separations  in  excess  of  100  feet 
the  moat  advantageoua  method  of  parallel  operation  in  this  respect  is 
No.  2  which  consists  of  connecting  diagonally  opposite  conductors  of  the 
two  circuits.  At  separatioaa  smaller  than  100  feet  the  best  method 
varies  with  separation  and  differs  for  induction  from  the  balaoeed 
voltages  or  currents  and  for  induction  in  grounded  or  metallic  circuits. 
However,  in  the  absence  of  a  special  study  in  a  particular  case  Method 
No.  2  is  to  be  recommended.  With  respect  to  induction  from  balanoed 
currents  the  comparisons  herein  made  are  based  on  the  assumption 
that  the  currents  in  the  two  circuits  are  equal.  It  is  thus  possible  p'ith 
a  power  line  of  this  type,  while  transmitting  double  the  load  of  a 
single  circuit,  to  decrease  the  induced  voltages  in  parallel  commimica- 
tion  circuits  due  to  the  balanced  components  of  the  power-circuit  volt- 
ages and  currents. 

No  general  recommendation  can  he  made  respecting  tiie  best  methods 
of  interconnection  of  circuits  of  the  horizontal  or  equilateral  triangular 
type.  The  method  of  operation  giving  the  smallest  coefficients  depends 
on  the  horizontal  separation  and  whether  induction  from  balanced  volt- 
ages or  currents  is  considered.  Method  No.  1  gives  the  smallest  values 
of  iniluction  from  balanced  currents,  which  are  usually  leas  than  those 
of  one  of  the  single  circuits.     This  is  a  common  method  of  intereonne^ . 
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ing  cirrcirits  of  tltia  type,  the  ctrnductors' ■  BynunetHcally  placed  -with 
reject  to  tfae  cmpporting  atmctiii'e' being  at  eoiiiiiiob  poteriitial:  Nd 
metbod  of  iaterconnectioii  of  the'  IioHzontal  power"  rfrcuits  glve8  indac-* 
tioD  from  the  balanced  Toltages  leas  than  that  due  td  a  single-circuit  of 
the  same  type.  At  large  aepuations  from  the  triangular  circuits 
Method  No.  4  gives  induction  leSs  than  a  single  eiretiit  if  (he  TJftrticea 
are  upward  and  No.  3  if  the  Tertices  are  downwaM. 

No'  advantage  is  gained  from  particular  methods  of  parallel  operation 
with  respect  to  coefficients  of  induction  from  the  residual  components 
of  voltage  and  current.  'With  a  given  magnitude  of  residual  voltage- 
of  each  of  the  circuits,  the  induction  in  a  parallel  communication  circuit; 
as  compared  to  the  value  due  to  a  single  circuit  at  the  same  separation, 
is  approximately  equal  to  the  ratio  of  the  direct  capacitance  to  ground 
of  the  six  conductors  of  the  twin  eircuita  in  parallel,  to  that  of  the 
three  conductors  of  one  single  circuit,  the  other  being  absent.*  For  all 
the  circuits  assumed  herein,  this  ratio  is  approximately  1.4.  The  in- 
duced voltage  in  a  parallel  communication  circuit,  due  to  a  ^ven  total 
residual  current  in  the  twin  circuits,  is  approximately  equal  to  the 
average  efiFect  of  the  same  residual  current  lu  each  of  the  single  circuits. 
For  both  residual  voltage  and  residual  current,  these  approximations 
become  more  nearly  true,  as  the  separation  of  the  power  and  Communi- 
cation circuits  is  increased. 

A  discussion  of  the  effects  of  different  methods  of  interconnection  of 
twin  circuits  on  the  magnitude'  of  the  residual  voltages  due  to  unbal- 
ances among  the  capacitances  to  ground  of  their  conductors  is  given 
in  technicar  report  No.  51.  ' 

G — ^TEUSQOiNE-COKDUCTOB  ArEANOBICBHTS:  ' 

1.  Phantom  Circuits. 

The  comparisons  of  the  telephone-conductor  arrangements  are  given 
in  three  tables,  those  for  induction  due  to  balanced  voltages  in  Table  YI, 
bai^ced  currents  in  Table  VII,  aijd  r^dual  voltage  and  current  in 
Table  VIII. 

Actual  dim.eD8ions  rather  than  the  relative  values  are  used  in  express 
ing  the  results,  since  the  spacing  of  telephone  conductors  is  .usually 
standard  and  sinde  the  comparative  values  given  in  the  tables  are.  not 
independent  of  this  spacing.  The  ooeffieients  for  the  "square''  and 
"vertical"  phantoms  and  their  side  circuits  are  expressed  ,aa  percfint 
ages  of  the  corresponding  coefficients  for  the  "horijsontal"  phantom  and 
its  side  circuits. 

The  square  phantom  has  much  the  smallest  coejScicuts.  If  the  voltage 
induced  between  the  telephone  conductors  and  ground  by  the  pf)wer- 
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•See  T.  R.  No.  Bl,  p.  !8I.  O 


circuit  Toltagea,  and  tbe  TolUges  induced  along  the  condaeton  hy  the 
powep-circuit  cnirents,  were  linear  foneti^ms  of  both  the  horizontal  imd 
•vertical  8eparation&  of  the  tiro  classes  of  circuits,  the  coeffioients  for  the 
square  phantom  would  be  zero.  Since  the  spacing  of  telephone  eon- 
ductors  is  small,  compared  to  the  separation  of  circuits,  the  above  oondi* 
tion  is  .approximately  met  and  the  coefScients  for  the  square  phantom 
are  less  than  4  per  cent  and  in  one  ease  as  low  as  0.02  per  cent  of  Uie 
corresponding  coefScients  for  the  horizontal  phantom.  The  induction 
into  the  square  phantom  increases  about  as  the  square  of  the  spacing, 
while  the  inductioi^  into  the  horizontal  phantom  is  nearly  directly  pro- 
portional to  the  spacing.  Thus  their  percentage  relation  varies  directly 
as  the  spacing. 

Although  the  coefficients  for  the  square  phantom  are  much  less  than 
those  far  the  horizontal  phantom,  in  most  cases  the  coefficients  for  the 
side  circuits  of  the  former  are  greater  than  the  coefficients  for  the  side 
circuits  of  the  latter.  In  all  cases  the  coefGcient  for  one  side  circuit  of 
the  square  phantom  is  greater  than  that  for  the  side  circuits  of  the  hori- 
zontal phantom,  while  the  coefficient  for  the  other  is,  in  a  few  cases, 
considerably  smaller.  For  induction  from  the  balanced  components  of 
voltage  and  current  of  vertical  power  circuits  the  coefficients  for  both 
side  circuits  of  the  square  phantom  are  several  times  the  values  fbr  the 
side  circuits  of  the  horizontal  phantom. 

The  relative  magnitudes  of  the  coefficients  for  the  horizontal  and 
vertical  phantoms  depend  largely  upon  the  configuration  of  the  power 
circuit  aod  relative  position  of  the  two  classes  of  circuits,  power  and 
telephone,  and  whether  the  induction  is  due  to  the  voltage  or  current  of 
the  power  circuit.  For  the  balanced  components  of  voltage  and  current 
of  the  vertical  power  circuit,  the  coefficients  for  the  vertical  phantom 
are  several  times  the  corresponding  values  for  the  horizontal  phantom. 
No  general  conclusions  can  be  drawn  in  the  case  of  the  other  power- 
circuit  configurations. 

The  coefficient  for  the  side  circuits  of  the  vertical  phantom  is  J  greater 
throughout  than  for  the  side  circuits  of  the  horizontal  phantom.  This 
is  due  to  the  increased  conductor  spacing  of  the  former,  16  inches  as 
compared  to  12  inches.  Since  for  purposes  of  comparison  the  two  cir- 
cuits are  assumed  both  in  the  same  horizontal  plane  and  at  the  same 
separation  from  the  power  circuit,  their  coefficients  are  closelypropor- 
tional  to  the  spacing  of  the  telephone  conductors. 

It  should  be  noted  that  the  method  of  arranging  the  telephone  con- 
ductors in  forming  the  phantom  group  has  no  appreciable  effect  on  the 
mean  voltage  induced  between  the  conductors  and  ground  by  the  power- 
circuit  voltages  or  upon  the  mean  voltage  induced  along  the  conductors 
by  the  power-circuit  currents. 
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2.  Effect  of  Rotating  Plane  of  Telephone  Condvctors. 
Oq  Curve  Sheets  Nos.  151  to  154,  inclusive,  the  coefficients  of  induc- 
tion in  metallic  telephone  circuits  are  shown  as  functions  of  the  angular 
position  of  the  plane  of  the  telephone  conductors.  The  coefficients  are 
expressed  in  each  ease  in  terms  of  the  coefficient  for  the  horizontal 
position.  ■      ■ 

It  will  be, noted  that  curves  for  residual  voltage  and  residual  current 
are  sinusoidal.  This  is  explained  by  the  close  approacli  to  uniformity 
over  the  space  between  the  telephone  conductors  of  the  fields  induced  by 
the  residual  voltage  and  current.  The  coefficient  for  any  angular  posi- 
tion of  the  plane  of  the  t«lephone  conductors  is  nearly  proportional  to 
the  sine  of  the  angle  made  with  a  plane  parallel  to  the  lines  of  the  field. 
The  angular  position,  for  which  the  coeffieient  is  zero,  varies  with  the 
relative  position  of  the  circuits. 

For  balanced  voltage.s  and  currents  the  field  about  the  power  con- 
ductors in  general  changes  in  phase  as  well  as  in  magnitude,  with 
changes  in  separation  of  the  two  classes  of  circuits.  The  field  may  be 
resolved  into  two  single-phase  components  in  time  quadrature  and  their 
effects  separately  considered.  The  coefficient  of  induction  for  the  tele- 
phone circuit  may  also  be  resolved  into  two  components  corresponding 
to  the  two  components  of  the  field.  Over  the  small  distance  between 
the  telephone  conductors,  each  component  of  the  field  is  approximately 
uniform.  Thus  the  component  of  the  induction  in  the  telephone  cir- 
cuit is  proportional  to  the  sine  of  the  angle  made  by  the  plane. of  the 
conductors  with  a  plane  parallel  to  the  direction  of  the  corresponding 
component  of  the  field.  If  the  direction  of  the  two  components  is  the 
same,  which  in  general  is  not  the  ca^e,  the  resultant  induction  in  the 
telephone  circuit  has  a  zero  value  for  one  of  the  angular  positions  and 
the  curve  of  variation  is  approximately  a  simple  sine  curve.  This  condi- 
tion is  approximately  fulfilled  for  induction  from  balanced  currents  of 
the  horizontal  power  circuit.  For  induction  from  balanced  currents 
of  the  triangular  power  circuit,  at  the  lai^er  separation,  the  two  compo- 
nents of  the  field  have  nearly  equal  magnitudes  and  their  directions  are 
nearly  at  right  angles  Hence,  the  resultant  induction  is  nearly  con- 
stant for  all  angular  positions  of  the  telephone  conductors, 

V.  Use  of  Ourve  Sheets. 

A— Genehal  Directions. 
To  use  the  curves  of  this  report,  in  obtaining  the  coefficients  of  induc- 
tion for  a  given  parallel  it  is  first  necessary  to  express  the  cross-sectional 
dimensions  in  terms  of  the  spacing  of  the  power  conductors,  d.  In  the 
general  case  none  of  the  given  dimensions  will  coincide  with  those  for 
which  the  curves  are  plotted  and  it  will  be  necessary  to  interpolate.  ,n[r 


TBOHNICAL  RSPOKT  NO.es.  70]^ 

Hariiig  expressed  tfae  croas-sectional  dimemiona  in  terms  of  the  spac- 
ing of  power  conductorfl,  d,  the  order  of  procedure  in  obtaioing  the 
coefficients  is,  in  general,  as  foIIowH: 

By  reference  to  the  curves  (see  index  of  curve  sheets)  jof  variation  of 
the  coefBcient  with  the  vertical  separation,  Y/i,  four  values  correspond- 
ing to  the  two  heights  of  power  conductors,  H/d,  and  horizontal  separa- 
tion, X/d,  nearest  to  the  actual  case,  are  obtained.  Plotting  these  four 
values  among  the  H/d  curves,  two  auiiliary  curves  may  be  drawn,  show- 
ii%  the  variation  of  the  eoeffieient  over  a  limited  range  of  heights,  includ- 
ing the  actual  height;  for  two  values  of  horizontal  separation,  including 
between  them  the  actual  horizontal  separation.  From  these  atmliary 
H/d  cnrvea  two  values  may  be  obtained  at  the  actual  H/d  which, 
plotted  among  the  X/d  curves  on  the  same  oarve  sheet,  determine  a  final 
auxiliary  curve  from  which  may  be  obtained  the  value  of  the  coefficient 
for  the  actual  horizontal  separation.  In  some  eases  where  the  variation 
of  the  coefficients  with  vertical  separation  is  very  slight,  the  first  step 
ia  to  be  omitted,  no  Y/d  curves  being  given. 

In  finding  coefficients  of  induction  from  the  balanced  components  of 
the  vertical  power  circuit,  it  ia  generally  necessary  to  obtain  three  or 
nkore  points  for  each  of  the  auxiliary  curves  in  order  to  obtain  the 
result  to  a  satisfactory  degree  of  accuracy. 

If  the  coefficient  for  the  induced  voltage  along  the  disturbed  con- 
ductors due  to  the  power-circuit  currents  is  desired,  the  above  outlined 
procedure  is  sufficient. 

For  induction  due  to  the  power  circuit  voltages  it  is  necessary  to 
correct  the  coefficient  obtained  as  above  indicated,  for  the  deviation  of 
the  .power-conductor  diameter  from  the  standard  for  which  the  Y/d, 
H/d  and  X/d  curves  apply.  A  correction  factor  for  this  purpose  ia 
obtained  from  the  curve  sheeta  showing  the  variation  of  the  coefficients 
with  conductor-diameter,  choosing  the  curve  or  curves  for  conditions 
nearest  those  of  the  actual  case. 

If  the  difference  of  the  induced  voltages  along  the  disturbed  con- 
ductors, due  to  the  power-circuit  currents,  or  the  voltage  induced 
between  them  by  the  power-circuit  voltages,  is  desired,  it  ia  further 
necessary  to  multiply  the  coefficients  as  above  obtained  by  the  ratio  of 
the  actual  spacing  of  the  disturbed  conductors  to  that  given  on  the 
curve  sheets. 

The  curves  of  induction  from  the  residual  components  of  voltage  and 
current  have  been  plotted  for  the  equilateral  triangular  (base  hori- 
zontal), symmetrical  horizontal  and  vertical  configurations.  The  curves 
for  the  equilateral  triangular  configuratioD  (base  horizontal)  may  be 
applied  to  other  equilateral  triangular  configurations  with  an  error  of 
less  than  10  per  cent,  and  those  for  the  horizontal  symmetrical  to  the 
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uoflTnunetrical  eases,  with  an  error  of  less  than  4c%.  For  triangles 
with  altitude  small  as  compared  to  the  base,  the  curves  for  the  hori- 
zontal oonfignratioD  should  be  applied  i£  the  base  is  horizontal,  and 
those  for  the  vertical  configuration  i£  the  base  is  vertical. 
B — ^Illcstb&tive  ExaufliE. 
As  an  illoatration  of  the  method  of  using  the  curves,  the  steps 
required  in  obtaining  the  coefficieuts  for  the  San  Jose-Gilroy  parallel 
between  the  lines  of  the  Sierra  and  San  Francisco  Power  Company  and 
The  Faoific  Telephone  and  Telegraph  Company  are  given  in  consider- 
able detail.  The  following  table  gives  the  cross-sectional  dimensions 
of  this  parallel  in  feet  and  in  t«rms  of  d  as  a  unit. 


fJreateet  spaolDg  of  conductors 

Height  ot  lowest  conductor: 
AboTe  actual  ground.. 


Above  equtf  alent  ground  plane 


Diameter  of  conductors D 

Vertical  separation  of  circuits T 

Horizontal  separatton  of  circuits- 


Spacing  of  telephone  conductors t 


1.  Induction  from  Balafwed  Voltage$. 
The  various  steps  necessary  in  obtaining  the  coeflBcienta  for  balanced 
voltages  are  given  in  Table  X.  Referring  to  the  curves  of  variation  of 
the  coefficients  with  Y/d,  Curve  Sheet  No.  103,  for  the  induced  volt^e 
to  ground  and  No.  107  for  the  induced  voltage  between  conductors,  the 
nine  coefficients  of  induced  voltage  to  ground  and  nine  of  indaced 
voltage  between  conductors  corresponding  to  three  values  of  H/d  and 
X/d  nearest  the  values  for  this  parallel,  are  read.  These  are  tabulated 
in  Table  X  in  the  spaces  corresponding  to  H/d  ^1.5,  2,5  and  5,  and 
X/d  =  2.5,  5  and  10.  These  coefficients  will  determine  three  auxiliary 
curves  of  variation  of  the  induced  voltage  to  ground  and  three  of 
induced  voltage  between  conductors  at  X/d  =  2.5,  5  and  10.  With  the 
aid  of  the  H/d  curves  given  on  Curve  Sheets  No.  102  for  induced  volt- 
age to  ground  and  Nos.  105  and  106  for  induced  voltage  between  con- 
ductors, these  auxiliary  curves  may  be  sketched  in  and  the  coefficients 
at  H/d  =  2.58  determined  for  three  values  of  X/d.  These  are  given  in 
the  corresponding  spaces  of  Table  X.  Prom  the  values  thus  deter- 
mined, with  the  aid  of  the  X/d  curves  (on  the  same  sheet  with  the  H/d 
curves)  the  coefficients  for  X/d  =  5.11  are  obtained.  These  are  given 
in  Table  X  for  X/d  =  5.11  and  H/d  =  2.58. 

[:.,q,:,7cdovGoO<^Ic 
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These  coefficients  are  for  values  of  D/d  =  0.003  and  t/d  =  0.1.  The 
induced  voltage  to  ground  is  independent  of  t/d,  but  the  induced  voltage 
between  conductors  is  directly  proportional  to  t.  The  factors  by  which 
the  coefficients  are  corrected  for  D/d  are  ^ven  by  the  curves  on  sheets 
No.  104  for  voltage  to  ground  and  No.  108  for  voltage  between  con- 
ductors. The  correction  factors  and  the  corrected  coefficienta  are  shown 
in  Table  X.  These  coefficients  may  be  compared  with  those  given  in 
the  illustrative  example  of  technical  report  No.  64,  dividing  the 
coefficients  there  given  by  V^  so  as  to  express  them  in  terms  of  the  volt- 
age between  power  conductors.  The  two  sets  of  values  differ  by  less 
than  1  per  cent. 

TABLE  X. 


Applying  eorrBctkm  f>c(ors  (or  D/d  =  0.00288. 

Induced    Voltage   to    Bround^=  3,81  X  D.9!IS  = 

Induced  Volta««   batwoen   conductara  =  Il.k  x  u.i«d=i 
Correction   for  t/d  7=  0.0769. 

Induced  Voltase  between  conductora  =:  J1.3  X—^f^  =  U.l  laV/KV. 
2.  Induction  from  Balanced  Currents. 

The  intermediate  results  of  the  process  of  finding  the  coefficients  of 
induction  from  balanced  currents  are  given  in  Table  XI.  The  curves 
in  the  region  determined  by  the  values  of  T/d,  H/d  and  X/d  for  this 
parallel  are  fairly  straight ;  hence  two  points  are  considered  sufficient 
to  determine  the  auxiliary  curves. 

The  T/d  curves  for  the  mean  voltage  induced  along  the  conductors 
are  given  on  Curve  Sheet  No.  119  and  for  the  difference  of  induced 
voltages  on  No.  125,  From  these  curves  the  values  corresponding  to 
T/d  =  0.585,  H/d  =  20  and  50  and  X/d  =  5  and  10  are  obtained. 
The  auxiliary  H/d  curves  are  constructed  from  these  values  on  Curve 
Sheet  No.  118  for  the  mean,  and  on  No.  12i  for  the  difference  of  the 
induced  voltages.  The  values  for  H/d  =  30.8  and  X/d  =  5  and  10 
are  obtained  from  these  auxiliary  curves.  These  values  in  turn  deter- 
mine the  auxiliary  X/d  curves  from  which  the  values  at  X/d  =  5.11 
are  taken.  This  completes  the  procedure  for  the  ilican  induced  voltage 
along  the  conductors.  The  coefficient  for  the  difference  of  the  voltages 
■  is  corrected  for  the  spacing  of  the  telephone  conductors  by  multiplying 
by  the  ratio  of  0.0769  to  0.1.  GoOqIc 
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TABLE  XI. 

Coefriclsntl  o(  Induction  from  Balinced  Threo-Phaae  CurrenU. 

T/d  =  O.BBE 


UtunlUM 

.  Mff<n>ic.<tigiUM 

1 

"     1 

1        "■•        1 

n 

5 

0M7 

0.605 

0.68 

B0.8 

30.8 

»J 

5.11 

a*87 

2&1 

30    . 

0.256     . 

0.112 

0.03 

3.as 

3J5 

4.16 

Mean  Voltage  Induced  along;  conducCors 

at  SO  cycles  =  0.487   mV/A  per  1000  (sot. 
Correcting   for   t/d=;  0.0769. 
Difference  of  Voltages  Induced  along  conductors 


■t  60  cycles  —  29.1 


-IZ.4mV/A  per  1( 


3.  I7idu<^um  from  Residual  Voltage. 

The  results  for  residaal  voltage  are  given  in  Table  XII.  The  method 
of  tabulation  is  the  same  as  in  Tables  X  and  XI.  There  are  Jio  mai- 
imum  or  minimum  points  in  the  curves  for  residual  voltage  and  two 
points  are  sufficient  to  determine  ii  given  auxiliary  curve. 

The  Y/d  curves  are  plotted  on  Curve  Sheet  No.  HO  for  voltage  lo 
ground  and  No.  113  for  voltage  between  conductors.  Both  the  H/d 
and  X/d  curves  are  on  sheet  No.  109  (voltage  to  ground)  and  No,  112 
(voltage  between  conductors).  The  coefBeients  corresponding  to  the 
two  values  of  X/d  and  H/d  are  first  read  from  the  Y/d  curves  and 
listed  in  the  table.  The  auxiliary  H/d*  curves  for  Y/d  =  0.5S5 
and  X/d  =  5  and  10  are  plotted  and  the  values  corresponding  to 
H/d  =  2.58  read  from  them.  From  these  values  the  auxiliary  X/d 
curves  are  eonstmcted  and  the  coefficients  for  X/d  ^  5.11  obtained 

The  curves  for  correcting  the  coefBeients  for  the  diameter  of  the 
power  conductors  are  given  on  Curve  Sheet  No.  111.  The  same  curves 
apply  both  to  the  induced  voltages  to  ground  and  the  induced  voltages 
between  conductors.  The  corrections  for  diameter  of  power  con- 
ductors and  spacing  of  telephone  conductors  ate  shown. 

TABLE  XII. 

Coaftlclants  of  Induction  from  RedduaJ  Voltage. 


VoItmloirooDd 

Lt          .          158                     S 

1.B                      1.M                        1 

Applying   correction   factors   for   D/d  =:  0.00288. 

Induced  Voltage  to  ground  =  24.7  X  0.396  =  24. 6  V/1 
Induced   Voltage    between    conductora^^  878  X  0.996 

CorreollnK  for  t/d  =  0.0769. 

Induced  Voltage   between   conductors  =  875  x  — 2^' = 
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4.  Induction  from  reridval  current.  '  ■ 
The  variation  of  the  coeflScient  for  residual  current  with  the  vertical 
separation  is  so  small  that  the  curves  have  not  been  plotted  and  the 
coefflcients  for  the  given  T/d  at  the  two  values  of  X/d  are  read  directly 
from  the  H/d  curves.  The  auxiliary  curves  of  variation  with  X/d  are 
drawa  as  in  the  previous  eases  and  the  coefBcients  for  X/d  ^  5.11  read 
from  them.  The  H/d  and  X/d  curves  for  the  mean  voltage  induced 
alODg  the  conductors  are  given  on  Curve  Sheet  No.  126  and  for  the 
difference  of  voltages  on  Curve  Sheet  No.  127.  The  varions  steps  in 
obtaining  the  coefficients  are  shown  in  Table  XIII. 


T/d  =  0.685 

H/a= 

8P.8-    . 

MUBWlUI. 

inffe»n»<tffslu«H 

X/i» 

,    1    ....        .« 

.                     «-"                    " 

.    »£.. 

BBSS 

11.5 

.435 

420 

220 

Mean  Voltage 

to  cyolsB  = 
Correcting  dlff. 

flO  cyclea,  far  Bitaclnj 
430  xM^'^ 

VI.  OoncInBion. 

As  far  as  is  known  no  comprehensive  study  of  this  character  has  been 
carried  ont  elsewhere.  Such  data  have  long  been  needed  in  the  work 
of  the  Joint  Committee  and  if  made  available  should  be  of  value  to  any 
one  interested  in  the  study  of  inductive  interference.  Aside  from  the 
Importance  of  this  information  as  one  of  the  essential  steps  in  defining 
the  conditions  of  parallelism  which  will  create  interference,  it  affords  a 
graphical  picture  of  some  of  the  complex  relationships  involved, 
enabling  an  estimate  to  be  made  of  the  relative  importance  of  different 
factors.  By  taking  advantage,  in  the  design  and  operation  of  lines,  of 
some  of  the  facts  disclosed  by  this  study,  the  induction  can  in  many 
cases  he  greatly  reduced  at  no  additional  cost.  An  important  use  of 
the  information  presented  should  be  found  in  the  study  of  practical 
cases  of  parallelism.  The  example  given  should  amply  illustrate  the 
use  of  the  curves  in  determining  the  coefBcients  of  induction  in'  such 
cases. 

Within  the  time  and  means  available  the  endeavor  was  made  to  cover 
as  far  as  possible  the  practical  range.  Doubtless  cases  will  occur  which 
are  outside  the  range  of  the  data  presented  in  this  report  and  it  will 
be  desirable  in  the  fnture  to  extend  these  results. 
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Iq  spite  of  the  care  taken  in  ttie  work  it  is.  too  moch.to  expect  that 
the  results  are  entirely  free  from  errors,  but  it  is  hoped  that  all  of  any 
consequence  have  been  eliminated. 

Bespoetfolly  sabinitted. 

(Signed)     LiviNasTON  P.  Ferbis, 
As»stant  Field  Engineer. 
AiTACHUBNTS :    Index  of  Cnire  BhMta;  Curve  Sheetm,  No*.  1  to  214,  lDdin«i*«. 
luita  ot  TaUn  of  B««ti1te;  TablM,  Na«.  1.  to  B2,  IndiiBiTe. 
Appbovsd  :    JanaaiT  8,  1017. 

(Signed)     R.  W.  Mastick, 

Field  En^pneer. 

SOBCOMMITTBB  ON  TESTS, 

(Signed)     J.  E.  Woodbbidoe, 

Chairman. 

Joint  Cohhittbb  on  Induotivu  Intkbfebence, 
(Signed)     Abthub  F.  Bamcffi, 

Secretary. 


Appbovkd:  January  S,  191T. 
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Technical  Report  No.  66. 

January  6.  IftlT. 


I.  INTRODUCTION. 
Purpose  and  Scop«. 
II.  GENERAL  PRINCIPLES. 

A — Function  o(  TtauBposftlona. 
B— Unbalanced  Eiposurea. 
C — Phase-Change  and  Attenuation. 
D — Types  of  Power  Transpositions. 
in.  STUDIES  OF  PARTICULAR  CASES.  ' 
A— UorgHQ  Hill-Gilroy. 
B— Salinas- North. 
C — Santa   Cruz-Watsoarille. 


A — "B"  Section. 
B— Consecutive  "X"  SectJosa. 
C — "Whole-Line"  TranspoBltiona. 
D — Special  TraDBpositious, 
TL  PRACTICAL  EXAMPLES. 
A — San  Jose-Gilroy. 
B— Gllroy-East. 
C— Sallnaa-North. 
D — Salinas-Soledad. 
E — Napa-Sonoma . 
r— Santa   Crai-Watsonville. 


ril.  RESUME. 

APPENDIX :    Jlethod  of  CalculatioQ  ot  Lengths  ot  Unbalanced  Eipasare. 

I.  IntrodnctioiL 

Transpositions  in  power  and  telephone  circuits  constitnte  b  very 
important  factor  in  determining  the  interference  experienced  from  par- 
allelism of  the  two  classes  of  circuits.  It  is  the  purpose  of  this  report 
to  review  the  work  done  upon  the  transposition  problem  in  connection 
with  the  general  investigation  \^,  the  committee,  with  particular  atten- 
tion  to  the   development   of   eo-ordiaated  systema   of  tranapoaitioos. 
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designed  to  render  the  power  and  telephone  circuits  mutually  noninduc- 
tive;  and  to  present  some  examples  illustrating  the  beat  present  practice 
in  this  regard.  Brief  reference  will  be  made  to  other  phases  of  the  pAb- 
lem  which  are  treated  in  detail  in  other  reports.  Part  of  the  matter 
herein  has  appeared  in  previous  reports,  but  is  collected  here  for  the 
sake  of  convenience  and  completeness, 

A  new  transposition  system  for  "exposed"  telephone  lines,  developed 
by  the  American  Telephone  and  Tel^raph  Company,  and  designed, 
among  other  features,  to  meet  the  need  of  such  a  system  made  manifest 
by  the  earlier  work  of  the  committee,  and  in  accordance  with  its  recom- 
mendations of  July  7,  1914,  to  the  Railroad  Commission,  is  described 
and  its  use  shown  by  the  examples  given. 

The  dia(!ussion  of  power  transpositions  in  this  report  applies  particu- 
larly to  three-phase  circuits.  For  single-phase  circuits  the  power  trans- 
position problem  is  relatively  simple,  since  a  transposition  alters  the 
phase  of  induction  by  180°,  as  in  the  telephone  circuits.  The  same  is 
true  of  a  4-wire  quarter-phase  circuit  which  can  be  treated^as  two  single- 
phase  circuits. 

n.  Generai  Prindples. 

A — FvacTioii  OP  Tbanspositions. 

The  function  of  transpositions  Is  to  equalize  the  relations  of  the 
several  members  of  a  circuit  comprised  of  two  or  more  parallel  con- 
ductors to  each  other  and  to  nearby  influenees,  by  interchanging  the 
conductors  so  that  they  experience  similar  conditions  in  a  given  total 
length. 

With  respect  to  parallelism,  transpositions  of  the  power  and  telephone 
circuits  are  important  by  reason  of  thrfr  effect  upon  the  mutual  rela- 
tionship of  the  two  classes  of  circuits,  expressed  by  their  mutual 
inductances  and  capacitances.  The  effect  of  power  transpositions  is 
to  produce  neutralizing  effects  in  adjacent  lengths  of  the  telephone 
circuit,  from  balanced  voltages  and  currents,  while  the  telephone  trans- 
positions tend  to  equalize  the  effects  on  the  two  sides  of  the  circuit  of 
induction  from  all  sources.  ^ 

In  a  metallic  telephone  circuit,  the  interchange  of  position  of  the  two 
ponductors  serves  to  balance  their  admittances  to  other  circuits  and  to 
ground,  and  maj-  help  to  balance  their  series  impedances.  An  exampJe 
of  the  latter  is  the  case  of  a  horizontal  pole-pair  phantom,  since  the  two 
sides  liave  different  series  constants.  It  is  assumed  that  the  conditions 
of  the  surroundings  of  the  transposed  circuit  remain  unchanged,  and 
that  the  lengths  of  circuit  on  either  side  of  such  transpositions  are  eqiui. 
Similarly,  in  a  three-phase  circuit,  by  dividing  the  given  section  into 
three  equal  parts  by  means  of  transpositions  at  its  third-points,  the 
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admittances  of  the  condactors  to  groand  and  to  other  circuits,  and  the 
series  impedaoces,  are  equalized.  The  effect  of  power  transpositions  in 
reducing  the  residual  volta;^  and  currents  due  to  line  anbaUnees  of 
three-phase  circuits  is  discussed  in  technical  report  No.  51. 

In  Appendix  III  of  the  "Report  by  the  Joint  Committee  on  Inductive 
Interference  to  the  Railroad  Commission  of  the  State  of  California," 
of  July  7,  1914,  a  more  extended  discussion  is  given  of  the  underlying 
principles  of  the  subject.* 

B — Unbalanced  Exposukbs. 

The  object  of  co-ordinated  systems  of  power  and  telephone  transposi- 
tions is  to  provide  such  relative  location  of  transpositions  in  the  two 
classes  of  circuits  that  maximum  effectiveness  in  reducing  the  unbal- 
anced exposores,  for  both  balanced  and  residual  voltages  and  currents, 
is  secured. 

By  "unbalanced  ezposiire"  is  meant  that  length  of  parallel  between 
a  telephone  and  a  power  circuit,  neither  of  which  is  transposed,  which 
will  produce  inductive  effects  of  the  same  magnitude  as  those  produced 
in  the  actual  parallel  of  the  same  cross-sectional  dimessicoiB  with  the 
given  transpositions  in  the  power  and  telephone  circuits. 

Table  I  and  Drawing  No.  137t  indicate  the  fundamental  basis  of 
calculation  of  nnbalaaced  exposures  for  indnotion  between  conduetots 
(transverse)  and  from  the  coodnetors  to  gronnd  br  along  the  circuit 
(longitudinal)  from  balanced  and  reaidual  voltages  and  currents  (if  a 
three-phase  power  cirouit. 

TABLE  I. 
Unbalanced  Expoaurei. 


XoDcttudlnal 
LoDfltadlnal 
Transverse 
TransversA 


iBesfdnal 
Balanced 
Resfdnal 
BaMaced 


a  +  b-t-c-t-a'-fb'  +  e'    (See  nota  b«low.) 
(a-f-B')  ^+(b  +  b'>  /120°-Hc  +  c')  /240°  (Vac.) 
(a  +  b  +  cV—  (a'  +  V  -mT  ^^~ 

(a  — a')  /0'  +  (b  — b')  /lay  4- (c— tf)  /g4ff'  (Vec.) 


NOTB. — Ii>depeB<leot  of  all  tFansiM>(U<ma. 

a,  a',  b,  b',  c,  c',  represent  lengths'  of  the  several  types  of  exposure, 
and  are  proportional  to  inductive  effects  in  uniform  parallels. 

Unbalanced  exposure  lengths  serve  to  indicate  the  relative  effective- 
ness of  different  transpositions  schemes  for  a  given  circuit,  and  the  rela- 
tive severity  of  disturbance  in  different  circuits  for  a  given  scheme. 

0  two  eorrectlona  to  Section  I  of  AppendU  m.    In  the  tenth 
nsEp  3S.  Aftt^r  the  wordfl  "cAoar^Hv  nnA  iBobaa-.  *„  «.»;h_a  <■ 


haglnnlng  o 

omitted,  after  the  words  "it  c» 
circuit  haa  a  ground  return.  It  can  not  be  tranapoaed. 
tTn««  are  tali™  IroHi  Tefhnlcil  H€port  No.  TO. 
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Wh«re  power  and  tflephoiie  transpofiitions  are  not  carefully  coordi- 
nated, large  unbalanced  exposures  frequently  result.  The  maxinimn 
induction  occurs  where  tliere  are  no  transpositions  at  all.  Induction 
from  cundnctor.s  to  t^ruund  (or  longitudinal)  from  balanced  components 
is  reduced  in  some  degree  by  the  power  transpositions,  however  located. 
If  the  power  and  telephone  tranapoaitions  are  not  co-ordinated,  induc- 
tion between  sides  of  tolfphone  circuits  may  be  (greater  with  both  power 
«ii(l  telephone  transpusitiom  preticnt  than  when  either  kind  is  removed. 

In  till!  above  disciLs^tion  uniformity  of  exposure  within  the  parallel 
has  been  as-sumed.  However,  changes  in  separation  of  the  power  and 
communication  circuits,  changes  in  spacing  or  arrangement  of  vires, 
eroBs-ovrrs,  juntticns,  loads,  or  in  general,  any  agencies  that  alter  the 
phase  or  magnitude  of  the  induction  (other  than  transpositions)  are 
paints  of  discontinuitj-,  and  must  be  allowed  for.  Lengths  of  unbal- 
anced exposure  have  different  significaace  on  opposite  sides  of  sucli 
points  and  must  be  reckoned  independently.  Sections  of  line  between 
points  of  diseontinnity  are  termed  "aniform."  Ordinarily,  it  is  desir- 
able to  secure  a  balance  (zero  unbalanced  exposure)  within  each  such 
uniform  section. 

Appendix  I  of  this  repeat  describes  the  details  of  a  procedure  tot  the 
calculation  of  unbalanced  exposures  in  an  actual  parallel,  where  there 
is  lAually  a  complex  system  of  telephone  transpositions,  besides  points 
of  discontinuity  and  power  transposititms. 

Even  thongh  the  transpositions  are  so  co-ordinated  as  to  result  in 
balanced  exposures  as  thus  calculated,  they  are  not  perfectly  effeetiTe. 
The  reasons  are  briefly  discussed  below : 

1.  Nonuniformity.  Only  the  major  irregularities  occurring  in 
actual  lines  can  be  taken  into  account  in  planning  transposition 
schemes,  and  numerous  minor  ones  must  be  disregarded. 

2.  The  neutralization  and  equalization  effects  discussed  above 
are  based  on  the.  assumption  that  there  is  no  attenuation  or  phase 
change  in  the  induction  or  iu  the  power-circuit  voltages  and  cur- 
rents. The  unbalanees  introduced  by  phase  change  and  attenua- 
tion may  be  considerable  and  are  discussed  in  detail  below. 

3.  It  is  impracticable  to  perfectly  balance  the  seriu  impedances 
and  the  admittances  to  ground  of  the  sides  of  a  telephone  circuit, 
h«ice  the  induction  from  wires  to  ground  and  along  the  circuit 
(longitudinal)  eauses  current  in  the  metallic  circuits." 

C — Phase-Chanqe  and  Attenuation. 

The  speed  of  electric  waves,  though  great,  is  finite,  and  they  ai» 

attenuated  in  their  tritvel  along  the  power  and  telephone  circuits.     The 

limiting  speed  U  186,000  miles  per  second,  but  they  may  be  retarded 

sothat  the  actual  speed  is  much  less.     Thus,  in  the  time  required  to 

•A  dlseUBSlon  o(  this  Hubleot  1b  clven  In  Tschnlca]  Rwort  No.  Gi 
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complete  one  cycle  at  1000  cycles  per  second,  an  electric  wave  can  not 
travel  more  than  186  miles  and  may  travel  only  a  small  fraction  of  that 
distance.  Attenuation  varies  greatly  with  the  character  of  the  eircnit. 
The  principal  practical  interest  of  these  phenomena  in  the  present 
study  lies  in  their  bearing  on  the  spacing  and  character  of  power  trans- 
positions in  uniform  parallels.  In  order  fo  determine  the  extent  of 
the  unbalanced  exposures  due  to  this  cause,  consider  first  a  very  simple 
parallel,  a  uniform  exposure  of  a  telephone  conductor  to  a  three-phase 
power  circuit  with  power  traospositions  at  the  third-points,  so  that 
there  are  equal  exposures  of  the  three  different  phase  arrangements. 
See  Fig.  1,  drawing  No.  354. 

Let  L  =;  length  of  the  barrel  in  miles. 

V  =  speed  of  propagation  in  miles  per  second. 

a  =  attenuation  per  mile. 

^  ^  phase-change  per  mile,  in  radians. 
t  =  frequency,  cycles  per  second. 

U  =  unbalanced  exposure  in  miles. 

Assume  first  no  phase-change  or  attenuation  in  the  b&lanced  voltages 
and  currents  along  the  power  circuit,  and  that  reflection  from  the  ends 
of  the  telephone  circuit  is  negligible.  These  balanced  components  in 
the  power  circuit  induce  waves  in  the .  telephone  conductor,  which,  are 
120°  apart  in  phase,  at  points  L/S  apart,  as  for  instance  at  P„  Pj,  P3. 
That  is,  the  induction  at  Pj  differs  in  phase.  1^  120°  in  opposite  direc- 
tions from  that  at  P,  and  Pj,  respectively.  If  the  wave  travelled  along 
the  telephone  condnetor  without  attenuation  at  infinite  speed  there 
would  be  at  every  point  three  waves  exactly  neutralizing  each  other  and 
the  resultant  would  be  zero. 

The  time  for  a  wave  to  travel  L/3  miles  along  the  telephone  circuit 
is  t  =  L/3V  seconds.  One  second  corresponds  to  360f  degrees  of  time- 
phase  change.     So  the  change  of  time-phase  represented  by  t  is 

25rfL 

if>  = in  radians 

3V 


120  fL 


(1) 


For  a  fixed  value  of  if/  and  V,  the  length  and  frequency  vary  recipro- 
cally, that  is,  from  equation  (1) 

Lf  =  constant  (2) 

Considering  point  Pj,  the  waves  from  sections  B  and  C  arrive  there 
120°  -f  ^  and  240°  +  20  out  of  phase  with  the  wave  from  A.-  Thtr  , 
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same  relationship  of  the  three  waves  holds  for  all  points  to  the  left  of 
P,,  since  the  three  waves  travel  eqoal  distaaces  from  F,  and  are  dis- 
torted alike. 

Fig.  2,  drawing  No.  354,  shows  the  resultant  unbalance,  for  the  con- 
dition that  attenuation  is  z^ro,  and  thus  shows  the  eSect  of  phase  change 
only.  OAB  is  an  equilateral  triangle,  representing  the  ease  of  infinite 
wave-speed.  AD  represente  the  wave  from  Section  B,  and  DE  the  wave 
from  Section  C,  giving,  with  OA,  representing  the  wave  from  Sectian 
A,  the  resultant  OE.  For  praetieal  purposes  a  graphical  8o1iiti(»i  for 
OE  is  amply  accurate  where  <f>  is  several  degrees  in  inasmtud&  (In 
Fig.  2,  the  value  of  ^  is  8°.)  There  is,  however,  a  simple  solntiOD 
which  involves  the  triangle  OCE.  OC  ^  BD  by  construction.  Tht 
lengths  OA,  AB  and  DC  are  made  equal  to  L/3.  Strictly,  in  place  of 
L/3,  the  chord  of  an  arc  of  length  L/3  subtended  by  an  angle  of  ^ 
degrees  should  be  used.  For  small  values  of  <ft  the  difference  is 
negligible. 

BD  =  2  AB  sin  |^  =  2  ^  sin  ^^     ■  (3) 

For  small  values  of  ^,  sin  ^  =  ^,  so 

BD  =  5  *  =  U,  (4) 

Expressing  <f,  in  degrees,  as  in  (1),  it  is 

TT     Ij^      «■      Ll^  fry, 

^^  —  ~S  ISC      175  fS) 

Similarly  CE  =  ^=2Ub  (6) 

U  is  obtained  by  combining  OC  and  CE,  with  phase  difference  of 
120"  +  i^.    That  is 

U  =  —  ITi,  [1  +  2  /120°  +  i^]  /150°  —  U  (7) 

or  substituting  the  value  of  Ub  from  (1)  and  (5), 

"^  =  ¥[t]'  [  '  +  2/120+w]=  ~^[l  +  2/120 -H»]  (8) 

whence  it  is  evident  that  the  unbalance  varies  directly  as  the  frequency, 
as  the  square  of  the  length  of  barrel,  and  inversely  as  the  wave-speed, 
provided  that  ip  is  small.  The  term  in  parentheses  is  nearly  constant 
for  small  values  of  <^,  being  1.732  at  ^  =  0  and  decreasing  neariy 
uniformly  to  1.558  at  *  =  20°.     See  Fig.  3,  Drawing  No.  354. 

The  discussion  above  (and  Pig.  2  of  Drawing  No.  354)  is  based  on 
the  assumption  that,  traveling  from  the  point  of  observation  P,,  each 
transposition  causes  a  lag  of  120°.     When,  as  in  considering  the  same 
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barrel  from  the  opposite  end,  the  power  transposition  canses  a  lead  of 

120°,  the  last  tenn  of  equation  (8)  becomes  1  +  2  /120°_-^  ^,  that 

is  the  sign  of  J^  is  changed.    Hence  the  Values  are  increased  by  a  factor 

1+2/120  —  1,^  .  '  . 

^  |— ,5-^  jj -r^j— ~ ,  which   amounts  to  1.80  for  the  extreme  oaae  of 

0/2  =  30°. 

An  alternative  form  of  ezpression  of  U  may  be  derived  from  consid- 
eration of  the  similar  isosceles  ^iaogles  0  E  F  and  A  D  F,  whence 

for  <^  in  degrees,  when  0  is  small.     This  expression  is  simpler  for  calcu- 
lation than  (S). 

The  impedance  measurements  on  the  Santa  Cruz-Watsonville  tele- 
phone line"  for  circuits  consisting  of  one  and  of  four  wires,  respectively, 
with  ground  for  the  other  side,  and  for  frequencies  of  240  to  1200  cycles 
per  second,  gave  results  as  follows : 

a  varies  from  0.004  to  0.008  and 
j3  varies  from  0.011  to  0.056 
From  these  data  an  average  value  of 

2xf 
V  (=  — )  of  135000  miles  per  second  is  obtained. 
i8 
For  ij>  =  60°,  the  Ggare  ADEO  of  Drawing  No.  354  collapses  on  the 
straight  lina  OA.     If  the  attenuation  is  nil,  the  resultant  is 

L        S       L 
U  =  -X-  =  -  (9) 

3         *         r 

From  equation  (1),  at  a  frequency  of  1000  cycles!  this  would  take 
place  at  ,  . 

60X135000 

L  = =  67.5  miles, 

120  X  1000 
Then  U  =  21.5  miles. 

Considering  the  e£Eect  of  attenuation  for  this  same  ease  of  ^  ^=  60° ; 
let  X  ^  a  L/3,    Then  with  close  approximation 


U  =  e"— d  —  e'  +  e")  (10) 


•See  tubntoal  report  No.  t 
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Using  L  =  67.5  miles,  and  a  =  0.010,  U  =  16.1  miles,  bo  that  in  this 
extreme  case,  the  large  unbalance  due  to  phaae-ehange  is  not  greatly 
affected  by  even  the  large  attenuation  assumed. 

At  the  other  extreme,  considering  only  unbalance  due  to  attenuation, 
with  doee  approximation 

Le" 
U  =  —      (1  -{-  e-  /120°  +  e^  /240° )  (11) 

3 

or,  in  the  case  given  above  of  L  =  67.5  miles,  U  =  6.2  miles,  to  be 
compared  with  21.5  miles.  For  moderate  lengths  of  barrel  it  varies 
approximately  as  the  square  of  the  length  and  is  nearly  independent  of 
frequency  since  a  varies  but  slowly  therewith. 

Consider  next  a  6-mile  barrel  at  1000  cycles. 
Prom  (1),  ^  =  5°  .33 

From  (7),  U  =  0.313  mi. 

The  exact  solution  of  Fig.  2,  Drawing  No.  354,  is 
for  0  =  0.  U  =  0.314  mi. 

and  for  a  =  0.010  •      U  =  0.312 

The  instances  given  indicate  that  for  the  range  of  frequencies  and 
distances  involved  in  practice,  the  attenuation  effect  is  of  minor  impor- 
tance, and  the  approximate  formula  of  equation  (7)  is  amply  accurate 
for  all  ordinary  purposes.  For  the  rather  extreme  case  of  a  24^mile 
barrel  at  1500  cycles,  equation  (7)  indicates  an  unbalance  of  6.5  miles, 
which  is  about  6  per  cent  too  high. 

The  speed  of  propagation  is  generally  from  170000  to  180000  miles  per 
second  in  power  circuits  and  in  nonloaded  metallic  telephone  circuits. 
The  attenuation  along  power  circuits  is  also  much  less  than  the  values 
given  above  (0.001  in  a  typical  case).  The  effect  on  the  unbalanced 
exposures  of  attenuation  and  phase-change  of  the  waves  in  the  power 
circuit  may  be  either  additive  or  subtractive  with  respect  to  the  effect 
of  the  corresponding  quantities  in  the  parallel  telephone  circuit,  depend- 
ing on  the  position  chosen  on  the  telephone  line.  For  example,  sappOBe 
the  wave-speed  the  same  in  both  power  and  telephone  circuits.  Then 
at  one  end  of  the  telephone  line  (Pig.  1,  Drawing  No.  354)  the  waves 
arrive  120°  apart.  At  the  other  end  the  angular  distortion  is  double 
that  which  would  occur,  were  there  no  phase  change  along  the  power 
circuit.  Thus,  at  opposite  ends  of  a  parallel,  the  effects  of  phase-change 
and  attenuation  along  the  power  circuit  are  opposite.  Moreover,  it  has 
been  shown  that  the  attenuation  ia  of  minor  importance.  Hence,  the 
discussion  first  given,  considering  the  phase-change  along  the  telephone 
circuit  only,  gives  a  satisfactory  view  of  the  average  effects,  while  fte 
worst  will  be  roughly  double  this  value.     Throughout  this  discussion  it 
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is  assQOMd  that  there  is  no  reflection  of  waves  from  the  terminals  of  the 
cxnnnmDication  circuit. 

On  Draiwing  No.  855  are  preseated  some  enrves  showing  the  unbal- 
ances for  various  frefjiiencies  and  lengths  of  barrel.  Except  for  the 
extreme  cases,  where  graphical  construction  was  used,  the  curves  were 
obtained  by  equation  (7).  The  curves  are  for  frequencies  of  60  cycles 
and  its  5th,  15th  and  25th.hami0DlC8,  Values  for  other  frequencies 
and  the  given  wave-speed  of  135000  miles  per  second  are  obtainable  by 
direct  interpolation.  For  a  given  freqnency  and  length  of  barrel  th« 
unbalances  will  be  smaller  witb  higher  wave-speeds.  The  corves  show 
that  unbalances  of  0.1  mile  occur  as  follows: 


tnamaej 
300 

LsDath  ot  b 
6.1 

900 

3.6 

1500 

2.8 

In  illustration  of  the  eflfect  of  considering  the  attenuation  and  phase 
change  in  the  power  circuit,  as  well  as  in  the  telephone  circuits,  Table  I-A 
is  presented,  showing  results  of  some  computations  on  the  basis  of  (1) 
power  line  infinite  in  length,  (2)  open-circuited  at  end  of  parallel. 

TABLE  l-A. 

UntMUnce  Duo  to  Ptt«M-Changa  and  Attonuatron  In  Both  Powar  and  Telaphono 

Lima,    aingia  Sarrel-'6aa  >nd  1E0O  Cyelaa  par  Second. 


>— ... 

InflDiu 

Op-D- 

■IptnlM* 

\  w^ 

\^ 

500 

ISOO 

500 

1500 

S"   X 

3 

om 

0.18 

OJK 

0.13 

18 

23 

S.8 

1S2 

5.7 

80 

0.1 

nx 

a? 

168 

42 

11.8 

30J) 

aa 

as 

The  results  for  the  infinite  power  line  are  somewhat  higher  than  tbose 
shown  on  P,  I.  C.  No.  355,  and  would  be  about  double  those  values  if 
allowances  were  made  for  difference  in  assumed  speed  ot  propagation. 

The  enormous  unbalance  at  1500  cycles  for  the  SO-mile  barrel  with 
the  power  line  open-circuited,  is  due  to  the  fact  that  the  line  is  practi- 
cally a  quarter-wave  length  at  this  frequency.  At  other  frequenciea 
the  difference  between  the  two  conditions  is  email. 


::.-.,70d0vGOOl^IC 


1026  INDUCnVB  INTEKFBREHCE. 

Phaae-chaDge  and  attenuation  effects  determine  the  frequency  ot 
occurrence  of  telephone  transpoeitiona  for  the  reduction  of  croa»-talk. 
The  close  spacing  of  telephone  transpositions  for  this  purpose  is  in 
general  adequate  as  regards  like  effects  due  to  parallels.  This  is  par- 
ticularly .true  in  the  ease  of  the  telephone  transposition  systems  designed 
for  co-ordination  with  power  tranapositions  (see  Section  V). 

The  discussion  hitherto  given  hss  been  concerned  with  the  effects  of 
one  barrel  in  the  power  circuit.  Owing  to  the  large  uabalance  with 
long  barrels  it  becomes  necessary  to  use  more  than  one  barrel  in  long 
uniform  parallels.  Hence,  a  question  arises  concerning  the  arrange- 
ment of  the  transpositions  where  there  are  two  or  more  barrels.  In 
order  to  study  the  effects  of  various  arrangements,  a  24-iniIe  parallel 
will  be  considered.  For  convenience,  a  phase  change  of  2.5°  per  mile 
is  used,  corresponding  to  f  ^  1000  cycles  and  V  =  144000  miles  per 
sectmd  (or  940  cycles  and  V  =  135000  miles  per  second).  Considering 
the  effect  at  one  end  of  the  24-mile  section  and  disregarding  attenuation 
and  reflection,  there  is  an  unbalanced  exposure  of  22.9  miles  with  no 
tran^Kisitions,  and  with  one  barrel,  4,3  miles.  "When  there  are  two  or 
more  barrelfi  three  simple  arrangements  may  be  used,  having  barrels  of 
equal  length.  With  two  of  the  arrangements  every  third  power  trans- 
position is  omitted.  Let  A,  6,  C  represent  unit  lengths  of  the  three 
different  phase  arrangements.  Using  like  transpositions  equally  spaced, 
the  sequence  of  phase  arrangements  is  ABC,  ABC,  ABC,  etc.,  designated 
as  "continuous"  barreling  (abbreviated  as  "C").  The  same,  with  every 
third  transposition  omitted,  gives  ABC,  CAB,  BCA,  ABC,  CAB,  etc., 
d^ignated  as  "halting"  (H).  If,  besides  omitting  every  third  transpo- 
sition, those  of  alternate  barrels  be  reversed,  it  is  ABC,  CBA,  ABC, 
CBA,  ABC,  etc.,  designated  as  "halting-reversing"  (H-B). 

The  first  repeats  itself  in  every  barrel;  the  second  in  every  three 
barrels ;  the  third  in  every  two  barrels.  The  unbalances  for  the  three 
types  of  barrelling  are  given  in  Table  II  for  0, 1, 2,  3, 4,  6,  and  8  barrels, 
corresponding  to  no  transpositions,  24,  12,  8,  6,  4  and  3-mile  barrels. 

With  continuous  or  C  barrelling  the  unbalances  of  snecessive  barrels 
add  nearly  in  common  phase,  lagging  successively  by  an  amount  dne  to 
the  phase  change  per  barrel-length. 

With  H  barrelling,  the  unbalances  of  three  successive  barrels  nearly 
balance  each  other,  being  successively  out  of  phase  by  120°  -f-  the  phase 
change  per  barrel. 

With  the  H-R  barrelling,  the  effects  of  two  sueeessivS  barrels  are 
almost  exactly  opposite  in  phase  and  the  magnitudes  are  in  the  ratio 
1  +  2  /120  +  50 
J  _l_  2  /i20^^A'  **  shown  above.    For  example,  with  4-miIe  barrelf 

the  values  are  0.132  and  0.137  miles,  respectively.     See  Table  11  for 
other  values.  ,  -  i 

.LnOO^^IC 
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UnbalancM  Sxp«curM  In  >  M-mllc  Parallel. 

□ifTartnt  Langtha  and  Typaa  at  BarraFllng. 

-144000  miles  per  second;  1^1000  cycles  per  second. 


05M 

0,310 

0.132 

0.137 

Ofl74 

0.076 

For  2,  4  and  8  barrels  in  all,  the  H-B  barrelling  baa  an  integral  num- 
ber of  cycles  in  the  24  miles  and  is  superior  to  the  H  type  of  barrelling, 
which  has  not.  Similarly  for  three  barrels,  the  H  is  better  than  the 
H-R.  With  six  barrels,  both  H-R  and  H  types  have  an  integral  num- 
ber of  cycles  and  are  nearly  equally  good,  the  H-R  being  a  little  better. 
Nine  H  barrels  would  give  an  unbalance  practically  equal  to  that  of 
ei^t  H-R  barrels.  The  advantage  of  both  types  of  halting  barrels 
over  continuous  barrels  is  clearly  shown. 

Consideration  of  the  effect  of  attenuation  (0.010  per  mile)  with 
4-mile  barrels,  indicates  a  reduction  of  the  unbalances  given  in  the 
table,  by  10  per  cent  or  less. 

As  noted  io  the  ease  of  single  barrels,  with  a  finite  length  of  power 
line  the  unbalances  may  greatly  exceed  the  values  indicated  in  Table 
II,  at  lengths  of  parallel  and  frequencies  approaching  a  quarter  wave 
length.  If  the  length  of  one  barrel  is  a  quarter  wave-length  the 
unbalance  may  be  still  greater. 

Many  combinations  of  transpositions  could  be  devised,  but  the  figures 
given  illustrate  the  simple  schemes,  by  which  the  unbalances  are  reduc- 
ible to  a  point  beyond  which  it  is  probable  that  minor  irregularities  will 
control  the  result. 

It  would  be  well  to  determine  by  more  rigid  analysis  or  by  experiment 
the  effect  of  the  factors  which  have  been  neglected  in  the  above  discus- 
sion, and  to  extend  the  scope  of  the  investigation. 


D — Types  of  Powek  Transpositions.* 
A  power  transposition  of  the  ordinary  type  changes  the  phase  of 
induction  from  a  three-phase  circuit  by  120°.     At  such  a  transposition 
the  several  phase-wires  interchange  positions  in  cyclic  order.     If  the 
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direction  of  rotation  be  reversed,  the  direction  of  change  of  phase  a 
also  reversed.  The  ability  to  change  the  phase  of  induction  by  eitiiw 
+  or  —  120°  at  a  transposition  in  a.  three-phase  line  is  frequently  of 
value  in  securing  longitudinal  balance,  especially  where  the  power  lin*' 
is  alternately  on  one  aide,  then  on  the  other,  of  the  telephone  line;  and 
also  where  transverse  balance  to  balanced  components  is  obtained  by 
both  power  and  telephone  transpositions.  Such  power  transpoeitions 
may  be  distinguished  as  ".Normal"  or  "Reversed,"  "Normal"  being 
conveniently  defined  for  existing  lines  by  a  transposition  already 
installed.  (It  should  be  observed  that  the  designation  "left  over  right" 
or  "right  over  left,"  while  definite  for  a  circuit  of  triangular  coii%n- 
ration,  has  no  significance  for  flat  or  vertical  lines.)  Exaioplesof  sneb 
use  will  be  found  in  Section  VI. 

Where  there  are  three  or  more  power  conductors  it  is  possible  to 
interchange  pairs,  leaving  other  conductors  undisturbed.  For  a  three- 
phase  line  this  procedure  causes  the  phase  angle  of  the  induction  from 
balanced  components  to  be  reversed  in  sign  with  respect  to  a  reference 
line  parallel  to  the  vector  representing  the  wave  on  the  undisturbed 
conductor.  However,  the  principal  use  of  such  special  transpositions  is 
to  annul  the  effect  of  cross-overs.  The  longitudinal  induction  into  a 
given  telephone  conductor  from  a  power  circuit  having  vertical  con- 
figuration suffers  no  change  due  to  a  cross-over,  if  the  separation  of 
each  power  conductor  and  the  given  telephone  conductor  remains  the 
same.  With  a  power  line  having  two  conductors  in  a  horizontal  plane 
and  its  third  conductor  symmetrically  placed  with  respect  to  the  first 
two,  the  same  condition  of  constant  distances  from  each  conduetor  of 
the  power  circuit  to  the  telephone  conductor  is  fulfilled  if  the  first  twt> 
conductors  of  the  power  circuit  are  interchanged  at  the  cross-over.  For 
any  unsymmetrical  power  circuit,  the  conjuration  must  be  "reversed," 
that  is,  the  arrangement  on  one  side  of  the  cross-over  must  be  the  image 
of  that  on  the  other.  Thus  a  "wishbone"  line  would  need  to  have  the 
vertex  toward  (or  away  from)  the  telephone  conductor,  on  both  sides 
of  the  cross-over. 

When  the  separation  of  the  power  and  telephone  circuits  is  lai^ 
compared  to  the  length  of  the  telephone  cross-arms,  and  the  same  on  both 
sides  of  the  cross-over,  the  effect  of  the  cross-over  on  longitadinal 
induction  may  be  approximately  nullified  for  all  the  telephone  con- 
ductors. 

To  secure  the  effect  of  an  ordinary  transposition  it  is  only  necessary 
to  superpose  a  cyclic  transposition  upon  the  rearrangement  necessary 
as  discussed  above.  Hence  it  is  sometimes  feasible  either  to  eliminate 
the  di 9 continuity,  for  longitudinal  induction,  occasioned  by  a  cross- 
over,- or  to  use  it  as  an  ordinary  transposition  ^loint;  which  is  con- 
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venient,  because  cross-overs  are  usually  made  neutral  points  in  the  tele- 
phone transposition  system.  An  objection  to  the  use  of  eroas-over 
transpositions  is  that  for  small  separations  between  lises  the  change  in 
the  magnitude  and  phase  of  the  induction  within  the  space  of  a  tele- 
phone eross-arni  may  quite  appreciably  affect  the  balance  for  the  cir- 
cuits on  the  ends  of  the  crosa-arm. 

The  methods  of  accomplishing  these  results  at  a  crosB-over  are  shown 
on  drawing  No.  364. 

m.  studies  of  Particnlar  Gases. 

During  the  early  part  of  the  Joint  Committee's  investigation  several 
studies  were  made  of  schemes  to  decrease  the  unbalances  existing 
between  power  and  telephone  circuits  which  were  under  experimental 
investigation,    A  brief  review  of  these  studies  is  here  given, 

A — Morgan  Hill — Gileot. 
The  transpositions  shown  as  now  existing  in  the  22-kV.  eircatt 
between  Morgan  Hill  and  Gilroy  (see  Section  VI-A,  and  drawing 
No.  358)  were  placed  while  the  Joint  Committee  was  investigating  this 
parallel."  These  transpositions  rednced  the  longitudinal  unbalances 
from  13400  and  30300  feet  to  1600  and  100  feet,  north  and  south  of 
the  cross-over,  respectively,  but  left  large  transverse  unbalances.  A 
large  part  of  the  22-kV.  line  outside  the  parallel  remained  untrans- 
posed;  the  residual  voltage  was  not  noticeably  affected. 

B — Salinas — North, 
A  study  was  made  during  the  testa  at  Salinas**  to  determine  upon 
modifications  of  the  existing  transpositiou  systemg  which  would  reduce 
the  transverse  unbalances.  The  plan  thus  worked  out  required  ten 
power  transpositions  and  extra  transpositions  in  the  telephone  circuits, 
and  would  have  necessitated  the  special  design  of  transpositions  for 
any  new  telephone  circuits  added  to  the  line. 

C — Santa  Chuz — "Watsonvillb. 
It  was  planned  to  conduct  rather  extensive  tests  to  compare  various 
transposition  systems  on  the  Santa  Cniz-Watsonville  parallel.t    Accord- 
ingly a  study  was  undertaken]:  to  determine  the  unbalanced  exposnrfs: 

1.  "With  existing  transpositions. 

2.  With  power  transpositions  removed.  ' 

^iee  technical  reports  Nos.  I6-i0. 
•■See  technical   report  No.   IE.   pese   19. 
ISee  Scrtlon  VI-C.  and   drawing  No.   359  for  descrlDtlon  ot  exlBtlns  arTanBement 
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3.  With  telephone  transpositions  imchanged  and,  in  the  power  line, 

the  following: 

(a)  two  barrels. 

(b)  6-mile  barrels, 

(c)  2-miic  barrels. 

4.  With  "Standard"  A  and  Z  section8§  in  the  telephone  live.  an-L 

in  the  power  line, 
(ii)  no  transpositions, 
(b)   two  barrels. 

Meanwhile  an  "Experimental  SIodificatioD  of  Tianspa^iitions  of  the 
'Standard'  Sy.stem  for  Balance  with  Power-Line  Traiispo.sitions"  hW 
been  deve]opcd  by  the  American  Telephone  &  Telegra|)h  Company  fdi 
one  cross-arm  (ten  wires)  which  provides  balance  to  t!,  3,  1  and  J-mili- 
barrels. 

The  nnhalanees  were  then  determined'  for  .several  schemes  in  whii-h 
this  modified  system  was  used,  using  nominal  6-mile  power  barrels  aiid 
various  arrangements  of  the  telephone  transposition  sections. 

These  studies  demonstrated  the  large  unbalances  resulting  from  the 
haphazard  location  of  the  telephone  transpositions  with  respect  to  points 
of  diseontinuity  (in  this  case  the  cross-over  and  ends  of  parallel)  and 
the  iinsuitability  of  the  "Standard"  transposition  sj^stem  for  co-ordina- 
tion with  power  transpositions.  It  proved  impracticable  to  eariy  out 
the  test  as  planned  at  Santa  Cruz,"*  but  observations  of  the  effeetivf- 
ness  of  transpositions  were  made  at  San  Fernando,  and  are  given  in 
technical  reports  Noa,  54^57. 

IV.  Charact«istiC8  of  "Standard"  Telephone  ^nwispoaition  Sygba. 

In  connection  with  the  studies  discussed  in  III  the  trans^vrse 
unbBlancee  for  induction  from  balanced  three-phase  voltages  and  cur- 
rents, occasioned  by  using  a  "Standard"  8-mile  telephone  transposition 
section  in  a  uniform  parallel,  with  J,  1,  1^,  2,  3,  4  and  6-mile  barrels  in 
the  power  line,  were  determined  for  the  physical  and  the  end  hori- 
zontal phantom  circuite  of  a  40-wire  telephone  line.  Phase  change  and 
attenuation  were  neglected,  and  it  was  assumed  that. all  transpositions 
were  located  exactly  at  the  theoretical  positions.  The  power  barrels 
are  of  the  continuous  type,  with  certain  transposition  points  directly 
opposite  mile-points  of  the  telephone  transposition  section. 

Table  III  gives  the  transverse  unbalances  in  miles  per  8-mile  section. 
Table  IV  shows  the  distance  in  which  balance  is  obtained  for  those  eir- 
euits  whose  unbalance  is  given  as  zero  in  Table  III. 


-"Standard"   "8-m1le"   eectlon.    "Z". — "Standard"   "l-mlle"   section. 
Lechnlcal  report  No.  44. 
technical  re])ort8  Nos.  IG,  tS,  49. 
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TABLE  IV. 
DIMancM  Raqulrad  to  Obtain  Balinca.    "Standard"  S-mll*  Section. 
Tran*v«ria  Induction  (rom  Balanoad  Thraa-Phaa*  Powar  Circuit. 


1-4                        i               1                 •                2                •                 •                 • 
7-10                       1               1                 •                4                •                 •                 2 

1-2                      1                •                 •                •                1                 •                 1 
»-4                      1                •                •                 •                !■               •                 1 
M                      1                 •                  *               •                  i               •                   » 

7-8                      12                8                8                4                 8- 
!H0                    1                4                •                5                •                 fl                • 

im                      t               1                •                •                •                 "2 
17-20                      i               2                •           .      •                1                 •                 1 

11-12                    1                 8                 •                7i               I                 •                 1 
13-14                    1                 8                •                7i               1                 •                 I 
15-16                      t               1                 •                4                 •                 8                 2 

17-18               a            8            •            a            •            7            • 

19-20                    I                 8                •                6                •                 8                • 

21-24                      i               2                 •                4                 1                 6                 I 
27-30                      J               4                 •                4                 1                 •                 1 

21-22                    2                8                 8                •                •                 •                 • 
23^24                    2                 8                •                 •                •                 •                 • 
25-26                    4                4                  i               8                  J               •                  ( 
27-28                    ...-•.. 
29^                    •                •                8                •                •                 •                 • 

31-31                      i               1                 •                4                 *  .             8                 2 
37-10                      i               2                •                8                1                 6                 1 

31-32                     ....                 1                 .                 1 
33-34                    •                 •                •                 •                1                 •                  I 
35-38                      i               2                •                4                 I                 •                  1 
,37-38                    2                8                •                •                •                 •                 2 
.  39^40                    2                 B                •                •                 •                 •                 J 

•Balance  not  obtained  within  one  8 -mile  section. 

Half-mile  power  barrels  balance,  uaually  in  fairly  short  diKtaoces,  to 
all  except  font  physical  circuits.  Large  unbalances  on  some  circuits 
and  long  distances  between  balance-points  on  the  others  are  character- 
istic of  the  other  barrels.  The  J,  1,  2,  and  4-mile  barrels  provide  longi- 
tudinal balance,  while  for  1|,  3  and  6-mile  barrels  the  longitudinal 
unbalances  per  S-mile  section  are  ^,  1,  and  2-niiles,  respectively;  }-mile 
and  12-iiiile  barrels  would  have  zero  transverse  unbalances. 

In  order  to  show  how  the  resultant  unbalanced  exposure  varies 
throughout  an  8-mile  section,  diagrams  were  drawn  in  polar  eo-ordinates: 
indicating  the  variation  of  the  resultant  unbalance  in  phase  and  m^nii- 
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tude  from  the  beginning  of  the  section  to  any  other  point  in  it.  Such 
diagrams  for  a  few  typical  circuits  are  reproduced  here.  See  draw- 
ings Nos.  366  and  367.  The  numbered  points  are  the  successive  tele- 
phone transposition  poles  ^mile  apart. 

Drawing  No.  366  (Fig.  1)  shows  a  ease  of  large  unbalance,  with  con- 
tinuous S-mile  barrels.  Fig.  2  shows  a  ease  where  balance  is  secured  in 
8  miles  (continuous  4-mile  barrels),  with  large  unbalance  of  a  partial 
section.  Figs.  3  and  4  show  how  a  large  unbalance  is  built  up  on  a 
frequently  transposed  telephone  circuit  by  one-mile  barrels,  and  the 
excellent  balancing  of  the  same  circuit  to  one-half  mile  barrels  (con- 
tinuous in  both  eases).  A  great  variety  of  figures  occur,  of  which  those 
shown  are  fairly  representative. 

Drawing  No.  367  shows  transverse  and  longitudinal  unbalance  dia- 
grams for  one  circuit,  with  2-mile  continuous,  halting,  and  halting- 
reversing  barrels.  Longitudinal  balance  is  obtained  in  all  cases,  but 
halting  barrels  reduce  the  "transverse  unbalances  to  J  that  for  the 
other  two  cases.  In  three  sections  (24  miles)  there  would  be  exact 
balance,  for  halting  2-mile  barrels.  It  must  be  remembered  that  no 
account  is  here  taken  of  phase-ehangg  and  attenuation,  the  effects  of 
which  are  set  forth  above  in  III. 

From  such  drawings  one  may  obtain  the  resultant  unbalance  between 
any  two  points  in  the  section ;  maximum  length  of  unbalanced  exposure 
between  any  two  points ;  and  distances  required  to  obtain  balance. 

The  unauitability  of  the  "Standard"  system  for  coordination  with 
power  barrels  is  plainly  shown  by  the  results  of  these  studies. 

V.  DevelopmeDt  of  "Exposed-IJne"  Telephone  TmupoffitioiLE^BteaiB. 
Methods  for  transposing  telephone  lines  involved  in  parallels  have 
been  developed  by  the  American  Telephone  and  Tele^aph  Company 
which  are  readily  combined  with  power  transpositions  to  secure  coordi- 
nated systems,  and  which  make  it  possible  to  take  account  of  the  discon- 
tinuities more  economically  than  was  possible  with  the  "Standard" 
system.  The  several  methods  are  described  below  and  their  uses  and 
limitations  discussed. 

A — The  "  E  "  Section. 
An  elaborate  study  was  made  to  develop  a  new  section  having  a 
nominal  length  of  eight  miles  (actually  eight  miles  or  less),  which 
should  preserve  a  high  standard  of  balance  with  respect  to  cross-talk 
and  telegraph  induction,  give  balance  within  short  lengths  for  all  cir- 
cuits with  respect  to  the  induction  from  both  balanced  and  residual 
voltages  and  currents  of  parallel  power  circuits,  and  properly  coordinate 
with  power  barrels  of  several  lengths. 
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Investigation  of  |,  |,  1,  1^,  2,  3,  4  and  6-miIe  coDtiniious  barrels  in 
relation  to  the  64  fundamental  types  of  telephone  transpositions  indi- 
cated that  econoQiicaL  telephone  transposition  systems  coald  not  bo 
developed  to  coordinate  with  barrels  other  than  those  i,  3  and  6  miles  in 
length.  Other  variations  of  power  barreling  were  considered,  invoU'intr 
halting  barrels,  reversals,  and  special  irregular  arrangements  of  power 
transpositions.  The  only  one  that  appeared  to  have  advantages  involves 
halting  and  reversing  ^-mile  barrels  as  against  two  continuous  barrels 
per  mile,  requiring  four  power  transpositions  between  mile  points 
instead  of  five.  With  the  "four-transposition"  scheme,  the  transposi- 
tions of  the  two  component  barrels  are  rotated  oppositely.  In  either 
case,  transpositions  are  omitted  at  even  mile  points. 

Other  considerations  which  involved  extensive  study  are:  use  of 
fundamental  transposition  types  on  given  pin  positions  or  on  given  side 
circuits  of  phantoms;  extent  of  occurrence  of  circuits  in  the  various 
pin  positions ;  economical  limits  to  cross-talk  and  telegraphic  induction ; 
number  of  transposition  poles  per  section ;  and  the  relation  of  the  new 
system  to  existing  telephone  transposition  systems.  The  chosen  plan 
permits  of  256  permutations  giving  about  equal  approaches  to  cross- 
talk balance,  from  which '  the  most  economical  arrangement  was 
determined. 

The  system  evolved  has  the  following  characteristics:  balance  to 
'  non-transposed  foreign  circuits  in  each  mile ;  balance  to  three-phase 
power  circuits  transposed  for  ^  and  3-mile  barrels  (and  to  barrels 
whose  length  is  any  integral  multiple  of  3  miles)  in  each  mile.  The 
system  of  ^-mile  barrels,  halting  at  mile  points  only,  having  five  trans- 
positions, (with  the  sahie  idlrection  of  rotation)  between  mile  points, 
was  «hosen  on  account  of  the  greater  eoonomy  found  to  obtain  there- 
with. The  American.  Telephone  &  Telegraph  Company's  drawings 
93-E'3  and  93-E-4  show  the  system  for  {he  commonly  occurring  circuits 
of  four  cross-anas.  Copies  of.  these  drawings  are  attached.  For  hori- 
zontal pole-pair  phantoms  and  some  vertical  phantoms  64  transposition 
poles  per  8-mile  section,  are  required.  Further  design  work  is  necessary 
for  the  circuits  below  the  fourth  crossarm.  An  L  section  of  half  the 
length  of  the  E  section  (that  is,  suited  for  4  miles  and  less)  and 
having  similar  characteristics,  is  in  preparation,* 

It  is  desirable  to  pse  these  transposition  sections  wherever  possible  in 
parallels  .on  account  of  the  combination  of  good  cross-talk  balance, 
frequent  balance  to  foreign  circuits  and  provision  for  coordination  with 
power  transpositions,  and  they  are  the  normal  means  to  be  used  where 
uniformity  and  length  of  parallel  jufitify;.  It  is  frequently  possible  to 
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iuelude  points  of  diseoatinuity  within  sections  by  so  placing  the  tele- 
phone transposition  sections  that  the  discontinuities  occur  at  mile- 
points,  which  are  neutral  points  with  respect  to  external  sources  of 

induction. 

B — CONSECCTIVE  "X"  SBCtlONS. 

In  the  "Standard"  system  of  telephone  transposition  the  term  "X 
section"  designates  a.  section  J  mile  or  less  in  length,  containing  three 
transposition  poles  at  its  quarter  points. 

The  use  of  X  sections  in  parallels  often  involves  the  use  of  several  in 
succession,  each  "X  section"  having  transpositions  added  so  as  to  secure 
balance  within  itself  to  nontranaposed  parallel  foreign  circuits.  Trans- 
positions are  introduced  at  the  junction  points  of  successive  sections  to 
reduce  the  cross-talk  as  far  as  possible.  See  American  Telephone  & 
Telegraph  Company  Drawings  92-E-75,  76,  77,  attached. 

Where  parallels  contain  numerous  points  of  discontinuity  separated 
by  short  distances  and  where  short  lengths  intervene  between  ends 
of  longer  sections  and  points  of  discontinuity,  these  consecutive  X  sec- 
tions are  very  convenient.  Junction  points  of  sections  are  placed  oppo- 
site power  transpositions  and  points  of  discontinuity.  It  is  not 
necessary,  tliough  desirable,  that  succes.sive  sections  be  of  the  same 
length.  Where  lengths  greater  than  ^  mile  occur,  yet  too  shorj  for  an 
Ij  section,  two  or  more  X  sections  are  used.  Consecutive  X  sections  are 
decidedly  inferior  to  the  E  and  L  sections  on  account  of  the  relatively 
poor  cross-talk  balance  and  the  greater  cost  for  a  given  length. 

C — "Whole-Line"  TRANSPOsmONs. 
Where  two-wire  circuits  only  are  concerned  the  cross-talk  balance  ff 
the  existing  telephone  transposition  system  is  not  disturbed  by  insert- 
ing transpositions  in  all  the  circuits  at  any  point,  that  is,  transposing  the 
"whole-line."  It  is  thus  possible  in  such  cases  to  place  extra  transposi- 
tions wherever  required  to  balance  the  exposures  to  power  circuits. 
Where  there  are  phantom  circuits  on  the  telephone  line  the  same  is  not 
generally  true  but  by  observing  proper  precautions  the  method  may  be 
emploj-ed  in  some  cases  without  increasing  the  cross-talk  to  excessive 
values.  Drawing  93-E-2  presents  a  method  applicable  to  8-mile  sec- 
tions of  the  Standard  or  ABC  systems.  All  telephone  circuits  are 
transposed  at  points  between  the  regular  transposition  points  as  fol- 
lows: 

1.  Quarter-mile  units.  All  telephone  circuits  are  transposed  at  the 
i  and  J  points  of  the  distancps  between  adjacent  regular 
transpo-iition  points. 
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2.  Salf-^nUe  umts.  All  telephone  cireQiki  are  transposed  at  points 
midway  between  an  AA  or  BB  pole  and  the  adjacent  regular 
transposition  poles  on  either  side.  In  addition,  where  a  two- 
wire  transposition  occurs  in  one  side  of  a  phantom,  but  none 
in  the  other,  at  the  AA  or  BB  pole,  such  two-wire  transposi- 
tion must  be  moved  to  the.  adjacent  pair  of  pins  so  that  it 
remains  in  the  aide  circuit  where  it  was  originally. 

Power  transpositions  are  placed  opposite  pointa  midway  between  the 
"whole-line"  transposition  points. 

The  best  use  of  this  method  is  obtained  in  very  short  parallels  or  in 
short  portions  of  long  parallels  where  it  ia  inconvenient  to  use  tie 
exposed-line  sections,  and  where  otherwise  a  long  section  of  line  ont- 
side  the  parallel  would  have  to  be  rctrausposed.  It  is  permissible  to 
use  it  for  distances  greater  than  one  mile  on  nonloaded  lines,  though 
considerable  increase  of  cross-talk  ia  occasioned  thereby.  The  method 
is  a  very  simple  and  economical  solution  of  the  problem  of  coordina- 
tion of  transpositions,  where  it  is  applicable. 

D — Special  Transpositions. 
In  some  instances  where  there  are  but  few  telephone  circuits  and 
where  the  consideration  of  cross-talk  balance  will  permit,  additional 
transpositions  may  be  inserted  in  a  few  telephone  circuits,  having  great 
unbalanced  exposures;  and  aueh  specially  located  trauspoaitions  may 
provide  the  simplest  solution.  This  is  apt  to  involve  the  redesign  of 
future  telephone  circuits  and  has  the  disadvantage  of  increasing  the 
nonstandard  construction  in  the  telephone  plant. 

VI.  Practical  Examples. 

In  the  design  of  coordinated  transposition  systems  for  parallek  a 
wide  variety  of  conditions  is  encountered.  Particularly  ia  this  true  of 
parallels  which  have  been  in  existence  for  some  time  and  where  the  lines 
were  located  with  little  or  no  thought  of  inductive  interference.  Thus 
unnecessary  crossovers,  irregularities  of  separation,  power  and  tele- 
phone transpositions  so  located  with  respect  to  each  other  as  to  be  very 
inefficient,  and  the  like,  are  found,  besides  the  unavoidable  points  of 
discontinuity.  Hence  nearly  every  case  presents  some  unique  features. 
It  often  requires  the  use  of  two  or  more  of  the  general  methods  as 
hitherto  discussed  to  meet  these  conditions. 

In  the  case  of  a  projected  parallel,  it  is  possible  to  secure  greater 
uniformity  and  thus  often  lessen  the  transposition  requirements. 
Towers  can  sometimes  be  advantageously  spaced,  te  permit  of  securing 
the  proper  location  of  power  transpositions. 

In  order  to  illustrate  the  application  in  practice  of  the  methods 
hitherto  discussed,  description  will  be  given  of  several  parallels  which 
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have  been  tbe  subject  of  investigatiou  by  the  Joiot  Committee,  showlDg 
"the  existing  transpositions  snd  rearrangements  inTolving  the  use  of 
"exposed-line"  telephone  transpositions  and  the  utilization  of  existing 
transpositions  in  so  far  as  practicable.  For  evidently  tha  practical 
problem  is  to  determine  a  scheme  which  shall  give  maximum  effective- 
ness with  minimum  alteration  in  either  power  or  telephone  circuits. 

A  aummary  is  given  of  the  more  important  characteristics  of- eacl^ 
parallel.  Among  these  the  item  "induced  volt  miles"  is  included, 
being  the  product  of  the  length  of  the  psrallel  in  miles  by  the  computed 
induced  voltage  between  isolated  telephone  conductors  and  gi^und  due 
to  the  balanced  voltages  of  fundamental  frequency  with  the  given  con- 
figuration from  ail  untransposed  power  circuit. 

Unbalanced  exposure  figures  are  given  which  iueldde,  in  some  cases, 
circuits  not  now  existent  on  the  poles,  but  whi^  will  occur  when  the 
telephone  circuits  increase  in  number.  These  figures  take  aceoont  only 
of  transpositions  and  do  not  indicate  the  differences  among  circuits 
due  to  position,  distance  between  sides,  loading  and  connected  apparatus. 
Also  tbe  effects  of  phase-change  and  attenuation  are  neglected. 

A — San  Josb-Qilroy  Paballel. 

Oommunlcatlon  Oompany— The  Pacific  Telephone  and  Telesrspb  Oo. 

Power  company 8.  &  &  F.  P.  O.  O.  G.  &  B.  P.  G.  &  E. 

Power  circnit— 

Voltage— kV. BS  32                   U 

Oonflsuration Vertical  Plat               Plat 

Lenitb  ol  parallel— mllea ... 20.3  8.8                  2.1 

Averaia  horlsontal  separation— leet 70  70                   TO 

Induced  Tolt-mileB 4.2W  400                   70 

For  20.3  miles  between  San  Jose  and  Gilroy  the  single-circuit  55-kV., 
three-phase,  60-cycle  transmission  line  of  the  Sierra  and  San  Francisco 
Power  Company  parallels  the  main  coast  and  San  Joaquin  Valley  ronte 
circuits  of  The  Pacific  Telephone  and  Telegraph  Company.*  For  8.6 
miles  north  from  the  Gilroy  end,  this  parallel  is  coincident  with  the 
parallel  involving  tbe  Coast  Counties  Gas  &  Electric  Company's  singlc- 
■  circuit,  22-kV.,  three-phase  60-eycle  transmission  linet  from  Morgan 
Hill  to  Gilroy,  which  is  built  under  the  55-kV.  line. 

At  the  San  Jose  end,  a  single-circuit  11-kV.,  three-phase,  60-cycle  dis- 
tribution line  of  the  Pacific  Gas  &  Electric  Company  is  built  under 
the  55-kV.  line  for  2.1  miles. 

The  'Western  Union  Telegraph  Company's  circuits  and  Southern 
Pacific  railway  signalling  circuits  are  also  paralleled  by  these  power 
lines,  for  about  17  miles. 


■Technlca.1  report  No.  ti  ■uniniiU'l>ea  tb«  tesU  made  on  Ihia  and  ottwr  paralleli 
Wllh  the  Sierra  &  San  FranclBOO  Power  Company  lines. 

tTechnloal  reports  No*  S,  IB.  17.  18,  1»,  20.  21  present  results  of  "••>■  ™  •»—  i^""-' 
Counties  Oas  &  Blectrlo  Company's  2Z-kV.  line  a.aA  tlia  telephone 
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On  drawing  No.  359  there  are  shown  in  the  upper  figure  the  lengths 
of  parallels  and  existing  transpositions  of  both  power  and  communica- 
tion lines.  The  parallels  with  the  22  and  H-kV.  power  circuits  extend 
beyond  the  55-kV.  parallel,  but  are  considered  herein  only  in  so  far  as 
they  affect  the  plans  within  the  limits  of  the  latter. 

Drawing  No.  358  shows  the  relation  of  this  and  other  parallels  to  the 
telephone  system,  and  the  connections  of  tbe  transformers  on  the 
55-kV  line,  A  discussion  of  the  residoai  voltages  and  currents  of  this 
line  is  given  in  technical  report  No.  61. 

The  22-kV,  line  is  isolated  from"  ground.  It  is  partly  of  triangular 
and  partly  of  flat  configuration,  with  some  transpositions  which  rednt« 
its  residual  voltage  due  to  capacitance  nnbalance. 

Table  V  describes  the  telephone  circuits  involved. 

TABLE  V.     Taltptiona  Circuit*— San  JMs-QIfroy  Junction. 


1-i    ■ 

•1445L 
•1448L 
14«L 

Fhyeical 
Physlcftl 
Pbaatom 

172 
172 
172 

San  Franc isco-Fresno 
Ban  Francisco-Fresno 
San  Franclsco-Bakersfleld 

5^8 

1343L 

Physical- 

287 

San  Frendsco-San  Luis  Obispo 

7-10 

•1450L 
•I44SL 
•1438L 

Physical 
Physical 
Ptaantom 

172 
172 
172 

San  Pranclsco-Los  Angeles 
San  Franclaco-Presno 

11-14 

17«7 
1778 
1690 

Physical 
Physical 
Phantom 

172 
172 
172 

San  Jose-Hollister 
San  Jose-Holllster 
San  Francleco-Ho Ulster 

15-16 

1475 

Physical 

287 

San  FranclBco-San  Lnis  Obispo 

17-20 

295 
159 
1673 

Physical 
Physical 
Fbantom 

172 
172 
172 

San  Jose-Sal  Inas 
San  JOBC-Sallnas 
San  Jose-Salinas 

21-34 

161 
269 

1680 

Pbysleal 
Physical 
Phaotom 

172 
172 

172 

San  Francisco-Salinas 
San  FrancIsco-Sallnas 
San  Francisco-Sal  Inas 

25-20 

1441 

Physical 

436 

San  Franclsco-Loa  Angeles 

27-80 

78 
297 
1537 

Physical 
physical 
Phantom 

172 
172 

172 

San  Jose-Gilroy 
8au  Jose-OIIroy 
San  Joae-Morean  Hill 

35-38 

1769 

Physical 

No.  9  Iron 

San  Jose-Madrone 

S7-40 

•1442 

•1434 

205 

Physical 
Physical 
Phantom 

J72 
172 

172 

San  Jose-Fresno 
San  Jose-Fresno 

San  Joee-Freano 

L  (iKDlflM  t  loaded  dmiit. 

TbeH  dremti  braneb  at  GflioT  Junetlon  aod  arc 

the  onea  bvolvol  In  tbe  abort  paralVI  tm 
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The  55-kV.  parallel  be^iiiB  6^  miles  south  of  San  Jose  at  power  pole 
25/8  {telephone  pole  6/20),  and  continues  for  12  miles  to  the  first 
crossover.  There  are  seven  power  transpositions  and  two  telephone 
load-points  in  this  seotion.  The  power  line  then  crosses  over  and 
parallels  at  a  distance  of  600  feet  for  4  mile  at  Morgan  Hill,  then  the 
close  parallel  continues  for  2^  miles  to  a  crossover.  At  Morgan  Hill  the 
parallel  with  the  Coast  Counties  Gas  and  Electric  Company's  22-kV. 
line  begins.  There  are  two  transpositions  in  the  22-kV.  line  and  one  in 
the  55-kV.  line  in  the  section  from  Moi^an  Hill  to  the  next  crossover. 
From  this  crossover  to  Gilroy  Junction  there  are  two  transpositions  in 
the  22-kV.  line  and  three  in  the  55-kV.  line.  The  parallel  is  very  nni- 
form  throughout.    There  are  no  transpoaitions  in  the  11-kV.  line. 

The  lengths  of  unhalaneed  exposures  have  been  computed  for  idl  the 
phantoms  and  for  three  physical  circuits  for  the  present  tran^oaition 
scheme  and  are  given  in  Table  VI.  These  lengths  of  unbalanced 
exposure  apply  accurately  to  the  55-kV.  parallel.  For  the  section  with 
telephone  line  "west"  the  exposures  of  the  22-kV;  line  are  Identical 
■with  those  of  the  55-kV.  line,  except  that  some  of  the  telephone  circuits 
continue  to  parallel  the  22-kV.  line  south  of  Gilroy  JundtiOn. 

TABLE  VI. 


TilKitMn  Itaw 

Rut                                                 WM 

n,^„„- 

For  Traneverae  Induction. 


7-10 

—2500 

11-14 

240Q 

17-20 

1100 

21-34 

— laoo 

27-30 

1100 

31-34 

-6000 

37-40 

100 

Total* 
Average 

28800            74800          'Vmo 
2300               STOO               2300 

46500 

aeoo 

ror  Longitudinal  Induotlon. 

All 

77000             1890            30300 

800 

*In  finding  the  tDt&l.  the  physical  olrcult  unbalance*  trera 

given   halt   the   weight   of    the   phantom    circuit   unbalancea,       , 

(since  the  coefllclentH  or  induction  for  physical  circuits  are  (  i~\i~M~f[r> 
approilmately  half  of  those  of  phantom  circuits)  so  the  total  -  VjVJV^Vll^ 
and  averags  values  are  In  terms  of  phantom  circuits. 
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The  figures  given  are  the  unbalances  for  the  sections  of  the  parallel 
each  way  from  the  third  crossover.  The  short  portion  at  600-foot  sepa- 
ration has  been  neglected. 

'  The  longitudinal  unbalance  to  balanced  voltages  and  currents  is  very 
small  compared  to  the  length  of  the  line  (given  by  the  longitudinal 
reaidnal  unbalances) .  This  is  due  to  the  fact  that  the  existing  power 
tfanspoBitions  were  so  placed  as  to  provide  an  integral  nomber  of 
barrels  within  the  exposure. 

The  transversa  unbalances  vary  widely.  Circuit  1-4  has  transposi- 
tioDS  only  every'  two  miles,  and  its  unbalances  are  great,  Circoit  5-6  is 
transposed  every  ^  mile,  yet  its  onbalances  are  considerable,  due  to  the 
lack  of  co-ordination  between  the  power  and  tel^bone  transpo^tion 
aystons. 

The  prominent  feature  of  thjs  present  transposition  arrangement  is 
the  existence  of  four  .6-nule  barrel  in  the  55'kY.  line  and  one  &-miU 
barrel  in  the  22-kiV^  line  (from  its  crossover  to  the  end  of  the  parallel) 
which  provide  fair  longitudinal  balance.  The  dS-kV.  Une  can  not  be 
relieved  from  service  except  by  operating  the  auxiliaiy  steam  plants 
at  Monterey;  and  Salinas; 

Accordingly,  the  plan  of  retran^pasition  is  based  upon  the  retentitm 
of  the  existing  power  tranaposititms  with  only  a  few  minor  changes 
and  the  complete  retrangposition  of  the  telephone  line  to  provide  balance 
between  points  of  discontinuity  and  power  transpoutions.  Advantage 
is  taken  of  the  opportunity  to  correct  the  slight  inequality  of  the 
lengths  of  loading  sections  in  the  telephone  line.  The  telegraph  and 
signalling  circuits  have  good  longitudinal  balance  to  the  power  orcnit 
for  induction  from  bajanced  currents  and  voltages  by  reason  of  the 
existing  power  tran^ositions. 

The  telephone  load-point  and  the  11-kV,  parallel  at  the  San  Joee  end 
require  the  use  of  L  sections  and  consecutive  X  sections  in  the  telephone 
line  as  far  as  pole  8/15,  with  transpositions  in  the  11-kV.  line  opposite 
junctions  of  sections  to  provide  longitudinal  balance. 

An  E  section  extends  from  pole  8/15  to  15/25,  having  its  two-mile 
points  approximately  coincident  with  three  existing  power  tran^osi- 
tions.  From  the  end  of  the  E  section  to  the  following  load  point  and 
throughout  the  remainder  of  the  parallel  short  sections  (L  sections 
and  consecutive  X  sections)  are  necessary,  owing  to  the  many  discoD- 
tinuities.  At  the  nortii  end  of  the  exposed-line  section  an  unbalance 
to  the  11-kV.  line  exists  for  about  1300  feet.  To  eliminate  this  imbal- 
ance by  means  of  whole-line  transpositions  is  inadvisable,  since  the 
whole-line  transposition  scheme  is  not  applicable  to  the  E  section  where 
there  are  many  telephone  circuits;  and  moreover,  if  applied  to  the 
present  condition  it  would  be  necessary  to  use  quarter-mile  units  for  a 
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distance  of  one  mile  on  account  of  the  presence  of  the  55-kV.  parallel. 
It  is  therefore  proposed  to  obtain  partial  balance  by  installing  two 
transpositions  in  the  ll-kV.  line. 

By  moving  one  of  the  two  transpositions  in  the  22-kV.  line  in  the 
portion  between  poles  19/7  and  21/39,  longitudinal  balance  is  secured 
and  a  more  satisfactory  arrangement  of  the  telephone  transpositions 
made  possible.  Three  dianges  are  called  for  in  the  55-ltV.  line  trans- 
positions as  follows : 

(1)  Move  transposition  at  power  pole  27/8  north  about  300  feet 
to  coincide  with  the  end  of  the  telephone  transposition  section. 

(2)  Move  transposition  at  power  pole  37/14,  just  north  of  the  first 
crossover,  south  to  or  beyond  the  crossover, 

(3)  Take  out  the  transposition  on  power  pole  41/6,  600  feet  south 
of  the  third  crossover. 

The  effect  of  these  power  transposition  changes  is  to  eliminate  unlial- 
ances  of  from  500  to  1000  feet  on  every  telephone  circuit  for  transverse 
induction  from  balanced  voltages  and  currents. 

Under  the  proposed  scheme  the  snail  remaining  nnbalancea  will  be 
those  due  to  the  inexact  location  of  the  poles  with  respect  to  the  theoret- 
ical transposition  points  and  to  the  slight  irregularities  of  construction, 
and  should  not  amount  in  any  case  to  more  than  a  few  hundred  feet. 

Three  of  the  changes  in  power  traiwpositions  herein  discnssf^,  namely, 
those  respecting  the  short  barrel  in  the  ll-kY.  line  and  changes  (1)  and 
(2)  in  the  55-kT.  line,  designed  to  correct  small  unbalances  otherwise 
left  in  the  parallel,  would  be  of  relatively  small  benefit  and  it  is  qute- 
tionable  whether  the  expense  of  their  installation  is  warranted,  except 
in  case  of  a  favorable  opportunity. 

.   B — Gilhoy-Hast  Pabau-el. 

Conununication  company The  Pacific  Tel.  &  Tel.  Co.. 

Power  company '^-- The  Sierra  &  S.  P.  Power  Co. 

Power  circuit — 

Voltage 55-kV. 

Configuration ... Vertical.    •    ■ 

Length  of  parallel 0,4  mile. 

Average  horizontal  separation 45  feet. 

Induced  volt-miles 80 

This  parallel  is  an  extension  of  the  San  Jose-Gilroy  parallel,  since 
some  of  the  telephone  circuits  there  afl'ected,  and  the  same  55-kV.  line, 
are  involved.  It  is  an  example  of  a  short  uniform  parallel  occurring  in 
a  "Standard"  telephone  transposition  section.  For  such  a  case,  whole- 
line  transpositions  usually  offer  the  simplest  solution. 
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The  telephoiie  circuits  involved  are  each  indicated  by  an  asterisk  (*) 
in  Table  V. 

The  parallel  extends  from  the  S-pole  (27/29)  to  a  point  near  pole  1/17 
between  the  first  A-pole  and  the  BF-pole  of  the  first  "StaDdard"  tele- 
phone transposition  section  east  of  GUroy  Junction.  There  are  no 
power  transpositions. 

It  is  proposed  to  install  whole-Une  transpositions  at  poles  IJh  tad 
1/14  according  to  the  "half-mile  unit"  system. 

The  unbalances,  present  and  proposed*,  are  given  in  Table  VII  for 
the  existing  circuits: 

TABLE  VII. 

Length!  of  Unbalinced  Cxpoiure — Faet. 

Olln»^~EriM  ParallBl. 

Pin  poiUlon  Present  PmpOKd 

For  transveise  lAduction 
1-4,  7-10, 
3-4,  7-8, 
15-16  2300  50 

1-2,  5-6, 

9-10  700  100 

For  longitudinal  induction 
All  2S0Q         2300 

The  expofluces  are  the  same  for  balanced  and  residual  cnrrente  sad 
voltages. 

C — SaUNAS-NoBTH   pABAliLBL. 

Communication  company The  Pacific  Tel,  &  Tel.  Co. 

Power  company The  Sierra  &  S.  F.  Power  Co. 

Power  circuit — 

Voltage  — ^ 55-kV. 

Configuration Triangle. 

Length  of  parallel 7.3  miles. 

Average  horizontal  separation 57  feet. 

Induced  volt-milea 3400 

The  power  circuit  is  the  same  55-kV.  line  of  A  and  B.  The  configu- 
ration is,  however,  triangular  with  an  average  distance  between  wins  ot 
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8  feet.     Likewise,  some  of  the  same  telepho: 
telephone  circnite  are  listed  in  Table  VIII : 

TABLE  VIM. 
T*l«phon»  Circuit* — Sallnai'Mi 


104S 
cireoits  are  involved.    The 


»— 

N. 

,    ^    1 

ib.""^ 

1                                     T™.^!. 

1-4 

ISl 
289 

1680 

PttTBlCBl 

Physical 

Phantom 

173 
172 

172 

6a  n  Pranciseo-Salines.      ■ 
San  Fraaclsco-Sallnas. 
San  Francisco-Salinas. 

5-6 

13ML 

Physical 

287 

San  Fraud  SCO-San  Luis  Obispo. 

7-10 

295 
159 

1673 

Physical 
Physical 
Phantom 

172 
172 
172 

San  Jose-Sallnas. 

San  Jose-Salinas. 

■  San  Jose-Sallnas. 

13-H 

1475 

Physical 

287 

San  Frsnclsco-San  Luis  Oblapo. 

lS-16 

1441 

Physical 

435 

San  IFrancfBOO-Los  Angeles. 

17-18 

1781 

Physical 

172 

HolllBter-BBllQaa. 

ti^Loaded.     All  othera  non-loaded. 

Drawing  No.  360  shows  the  present  as  well  as  proposed  transpoaitJon 
sehemes.  There  is  one  "Standard"  telephone  tromposition  section. 
38300  feet  in  length  which  includes  all  but  2300  feet  of  the  paraUel. 
The  power  and  telephone  lines  exchange  aides  of  the  road  about  midway 
along  the  parallel.  There  are  five  power  transpositions,  one  just  at  the 
north  end  of  the  parallel. 

The  lengths  of  unbalanced  exposures  have  been  computed  for  all  the 
phantoms  and  three  physical  circuits  of  tlie  two  top  oross-anns  and  are 
given  in  Table  IX : 

TABLK   IX. 
Length!  of  Unbalanced  Expoiure 


TtlephwwilD. 

But 

W«l 

Piupo^. 

»-»,       «.»» 

RhMUII                BtUDOHl 

for  tranaverae  Indu 

tton: 

M 

-2200 

8500 

230O 

9900 

7-10 

2200 

11300 

—2600 

8100 

11-14 

-2400 

7000 

—2000 

G800 

17-20 

2200 

1100 

-2000 

4600 

5-16 

—3000 

3100 

—2700 

4900 

■In  flndinK  the  total,  the  physical  circuit  unbalances 
were  given  halt  the  weight  of  the  phantom  circuit  unbal- 
ancea,   so  the  total  and  average  values  are  In  terma  of 

phantom  circuits. 
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The  tTKOflverse  unbaUmced  leagths  are  large,  expeciaUy  oo  phantim 
circuits  and  for  balanced  voltages  and  enrreats.  The  longitudinal 
unbalances  for  balanced  components  are  rather  small,  compared  'Ritb 
those  for  the  residuals.  The  lengths  of  unbalaoced  exposures  here  given 
correct  and  mipplement  those  given  in  technical  report  No.  15. 

The  plans  for  retransposition  of  the  power  circuit  call  for  a  few 
changes  to  be  made  under  the  present  conditions  and  for  further 
changes  at  Buch  times  as  the  addition  of  a  second  circuit  or  other  recon- 
struction makes  it  convement.  The  first  plan  utilizes  three  of  the 
present  transpositions,  requires  that  one  be  relocated  at  a  point  1600 
feet  south  of  its  present  position  and  a  special  transposition  at  tbe 
crossover.  The  transposition  400  feet  from  the  north  end  of  the 
parallel  is  to  be  taken  oat.  In  the  telephone  line,  the  present 
"Standard"  section  is  replaced  by  an  E  section  with  its  mid-point  at 
the  crossover  and  its  Salinas  end  coincident  with  the  soath  end  of  the 
parallel.  A  Y  section  extends  thence  to  the  load  point  at  Salinas.  At 
the  other  end,  there  are  short  sections  between  the  end  of  the  E  section 
and  the  north  end  of  the  parallel  and  beyond  to  the  load  point,  whose 
location  is  changed,  involving  further  retransposition  of  the  telephone 
circuits  north  of  the  parallel.  The  telephone  transpositions  specified 
are  in  accordance  with  the  ultimate  proposed  scheme.  The  power 
transpositions  coincide  with  mile- points  df  the  E  section  within,  at  most, 
a  few  hundred  feet.  The  crossover  transposition  is  of  the  120°  type 
so  that  the  crossover  has  the  same  effect  as  an  ordinary  transposition 
for  longitudinal  induction.  The  triangular  configuration,  with  base 
horizontal,  allows  this  to  be  readily  done.  The  establishment  of  lonp- 
tudinai  balance  is  made  dependent  upon  the  combined  effect  of  the 
sections  on  opposite  sides  of  th«  crossover.  The  change  in  horizontal 
separation  is  neglected.  The  expense  of  transposing  the  telephone 
circuits  would  be  greater  if  a  crossover  transposition  were  not  used, 
and  the  cross-talk  higher,  due  to  the  necessity  of  using  short  sections  in 
order  to  provide  balance  on  the  two  sides  of  the  crossover  independently. 

In  the  ultimate  scheme  the  number  of  power  transpositions  is 
increased  by  one,  providing  three  halting  barrels,  and  the  locations 
altered  to  bring  them  as  nearly  as  practicable  opposite  the  mile-points 
of  the  E  section.  The  slight  change  in  horizontal  separation  is  pro^'ided 
for,  since  the  junction  point  of  two  barrels  in  the  power  line  nearly 
coincides  with  the  point  of  change.  The  section  to  the  north  of  this 
point  contains  two  barrels,  the  crossover  acting  as  a  transposition.  The 
barrels  in  the  power  circuit  are  2.4  miles  in  length.  The  plan  is  a  good 
illustration  of  the  use  of  a  crossover  transposition  and  halting  power 
barrels. 


■dovGooi^Ic 


TBCHNIOAL  BBPOHT  NO.    «.  JQjg 

D — Salinas-Soledad, 

Coramunication  company , —  The  Pacific  Tel.  &  Tel.  Co, 

I'ower  company  Coast  Valleys  G.  &  E.  Co. 

Power  circuit — 

Voltage 33  kV. 

Configuratloa Triangular. 

Length  o£  parallel 25.4  miles. 

Average  horizontal  separation 57  feet. 

Induced  volt-miles 3400. 

This  paralfel  is  the  remaining  portion  of  a  longer  parallel  between 
Salinas  and  King  City,*  involving  the  Coast  Valleys  Gas  &  Electric 
Company's  sinfrle-circiiit,  33-kV.,  three-phase  60-cycle  line  and  the  toll 
lines  of  The  Pacific  Telephone  and  Telegraph  Company  besides  tele- 
graph and  signalling  circuits  of  the  Western  Union  Telegraph  Com- 
pany and  the  Southern  Pacific  Railroad.  The  telephone  circuits  involved 
are  described  in  Table  X. 

TABLE  X. 
Talcphon«  Circuit*— Sal  >«>•- Sole  dad. 


l.'J43L  Physical  287  Sea  FraQclsco-Smi  Luis  Obispo. 

29&  Pbyaical  172  Sallnas-PaBO  Robiee. 

1773  Physical  m  Sallnas-San  Luia  Oblepo. 

U75  Pbautom  173  San  Frauolaca-Eaik  Luis  Obispo. 


1.7-lS  1441         Physical  435         Saa  Franclsco-Los  Aapeles. 

17-18  820         Physical    No.  10  Iron  Sallnas-Oonzalca. 

li  r:  liOaded — all  others  non-loaded. 

Drawing  No.  361  shows  the  present  and  proposed  transposition 
schemes.  There  are  now  three  "Standard"'  sections  and  a  Z  section 
in  the  exposure.  For  21.2  miles  the  power  line  is  west  of  the  telephone 
line,  leaving  4.2  miles  east  of  the  telephone  line.  There  are  seven  cross- 
overs within  the  parallel,  three  points  where  Icaiis  are  connected  to  the 
power  circuit,  and  six  power-circuit  transpositions.  Except  for  the 
numerous  crossovers  the  parallel  is  very  unift.rm.  , 

Table  XI  shows  the  unbalanced  exposures  for  all  the  phantom  circuits 
of  the  two  full  cross-arms  and  three  ph^'sical  circuits. 


'Tests  thereon  ar«  described  In  technical  report  No.   38    (Exposure  No. 
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TABLE  XI. 

Length  I  af  Unbalanoad  Expoaure* — Feet. 

Salinas- Soled  ad     Paraller — Preeent    Tranapoiltlona. 
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lllSOD 
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22200 

12200 
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He   effect  Of 
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"""In^flndlng   the   Id 
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the      DhVBt 

al    circuit 

w*re  Riven  half  the  w 

pfght  ot   the  p 
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phantom   drcQlte. 

Large  unbalanced  exposures,  for  both  longitudinal  and  traoEverse 
induction,  are  characteristic.  This  is  to  be  expected  by  reason  of  the 
many  crossovers  within  the  parallel,  and  the  lack  of  eoordiiution  of 
transpositions. 

The  telegraph  and  signalling  circuits  extend  throughout  the  parallel 
and  are  subject  to  roughly  the  same  longitudinal  unbalance. 

The  great  length  of  parallel  broken  into  short  sections  of  irregular 
length  by  the  many  points  ot  discontinuity  makes  possible  a  Dnmber 
of  different  arrangements  of  power  and  telephone  transpositions  which 
will  provide  a  more  or  less  satisfactory  balance.  The  scheme  presented 
was  evolved  after  a  consideration  of  several  aueh  possibilities. 

Considering  first  the  section  between  Salinas  and  Cbualar  substation, 
it  will  be  noticed  that  the  two  crossovers  divide  the  distance  between 
the  Salinas  end  of  the  parallel  and  the  load  point  (8/25)  into  three 
very  nearly  equal  parts.  An  E  section  is  therefore  proposed  to  extend 
8/9  of  this  distance,  whereby  its  three  and  six-mile  points  wiU  fall 
at  the  crossovers.  Short  sections  extend  to  the  load  point.  This 
arrangement  makes  it  possible  to  obtain  longitudinal  balance  by  means 
of  six  power  transpositions  composing  three  barrels.  Two  existing 
power  transpositions  at  power  poles  1/18  and  5/8  are  to  be  removed. 
The  portion  from  the  load  point  to  the  Chualar  substation  has  three 
ahott  telephone  transposition  sections  and  two  power  transpodtions 
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opposite  their  junction  points.  This  provides  balance  throughont  this 
section.  It  would  be  possible  to  omit  two  of  the  power  transpositioiis 
(at  11360  and  32900)  and  by  reversing  the  two  power  transpositions 
(at  20010  and  24290)  secure  approximate  longitudinal  balance  for  the 
telephone  circuits  but  such  procedure  would  leave  a  large  unbalance  for 
the  telegraph  and  signalling  circuits. 

Between  Chualar  substation  and  the  south  end  of  the  parallel  there 
are  three  short  sections  of  the  power  line  east  of  the  telephone  line, 
two  of  them  coming  between  long  sections  of  power  line  west  of  the 
telephone  line.  The  proposed  plan  contemplates  securing  longitudinal 
balance  for  the  exposures  on  the  two  sides  independently,  without  tlie 
use  of  special  crossover  transpositions.  It  is  found  possible  to  use 
two  E  sections  from  the  two  load  points  (16/23  and  24/21)  to  the  cros.s- 
overs  adjacent  on  the  north.  Power  transpositions  are  placed  opposite 
certain  mile  points  of  these  exposed  line  sections.  Other  power  transpo- 
sitions are  placed  opposite  the  remaining  portions  of  the  telephone  line 
80  that  longitudinal  balance  is  secured  between  substations  and  the 
short  sections  of  power  line  east  of  the  telephone  line  have  the  proper 
phase  relation  to  give  approximate  longitudinal  balance.  In  the  tele- 
phone line,  short  transpositioh  sections  are  utilized  between  E  Sections, 
their  junction  points  being  placed  opposite  points  of  discontinuity  and 
power  transpositions.  For  the  power  circuit  eleven  new  transpositions 
are  required,  one  being  "reversed";' also  three  "of  the  existing  trans- 
positions are  to  be  removed.  The  power  transposition  opposite  Chualar 
substation  is  at  a  neutral  point,  hence  can  he  left  in  place,  or  taken  out 
as  desired. 

In  placing  the  power  transpositions  the  twofold  object  was  sous;ht 
of  using  the  smallest  number  consistent  with  adequate  longitudinal 
balance  and  distributing  them  as  effedtively'albng  the  line  as  practfcable. 
The  proposed  transposition  scheme,  requires  complete  retranspositiou 
of  the  telephone  line  from"  Salinas  to  Soledad.  This  parallel  differs 
from  those  already  considered  in  that  the  few  existing  power  trans- 
positions are  irregularly  located,  and,  owing  partly  to  the  many  points 
of  discontinuity  caused  by  crossovers,  substations,  telephone  load-points 
and  the  power-circuit  loads,  it  is  not  practicable- to  use  them  in  design- 
ing the  coordinated  scheme.  For  the  whole  parallel  the  plan  requires 
the  installation  of  19  new  power  transpositions  and  the  removal  of  5 
of  the  present  transpositions,  as  shown  on  drawing  No,  361. 

It  is  of  interest  to  consider  here  a  plan  which  oan  he  adopted  as  a 
temporary  expedient  in  the  event  that  it  is  not  feasible  to  take  the 
power  line  out  of  service  for  the  Iraigth  of  time  necessary  to  carry 
out  the  complete  retransposition  scheme  at  the  time  of  retranspowtion 
of  the  telephone  eircuita.     By  taking  out  the  power  transpositioQ  v,t 

.);;lc 
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power  pole  1/18,  moving  the  power  traosposition  at  power  pole  14/7 
south  about  650  feet  and  the  one  at  21/2  south  about  1640  feet,  trans- 
verse balance  is  secured,  esoept  for  the  effect  of  the  power  transpositions 
immediately  adjacent  to  crossovers,  5/8  and  25/22.  This  scheme  leaves 
large  longitudinal  unbalances  on  both  telephone  and  telegraph  lines. 
Its  advantage  lies  in  that  partial  relief  is  secured  with  minimum  inter- 
ruption of  the  power  service. 

E — Napa-Sonoma  Parallel, 

Communieation  company The  Pacific  Tel.  &  Tel.  Co. 

Power  company Great  Western  Power  Go. 

Power  circuit — 

Voltage 22  kV. 

Configuration BTat. 

Length  of  parallel  .7 .4  miles. 

Average  horizontal  separation 50  feet. 

Induced  volt-miles J.100. 

One  of  the  circuits  of  the  extensive  isolated  22-kV.  system  of  the 
Creat  Western  Power  Company  parallels  the  telephone  circuits  listed 
in  Table  XII. 


Pin  poUIlDn 
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1    -    1 
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255 
1311 

Physical 
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Ph  an  torn 
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m 

172 

Santa  Rosa-Oakland. 
Santa  Hoaa -Oakland. 
■  Santa  Rosa-Oakland. 

5« 

18 

Physical 

No.  ft 

7-10 

IIM 
1196 
1045 

Physical 
Physical 
PhaQtom 

172 
172 
172 

Napa-SBDta  Rosa. 
Napa-Santa  Rosa. 
Saota  Boea-SacrameDto. 

None  of 

the  circuit: 

>  are  loaded. 

brawinir  No.  362  shows  the  present  and  proposed  tran^osition 
schemes.  The  telephone  transpositiJSns  within  the  parallel  are  parts  of 
two  "Standard"  sections.  The  psrallel  is  broken  into  short  sections  of 
irregular  length  by  four  crossovers,  Por  a  small  distance  within  the 
limits  of  the  parallel  the  separation  ia  about  1000  feet.  Except  for  this 
the  separation  is  quite  uniform.  There  are  three  power  transpositions. 
The  lengths  of  unbalanced  exposure  have  been  computed  tor  twe 
phantom  and  two  physical  circuits  and  are  given  in  Table  XIII.  Some 
of  the  values  pven  are  in  error  by  a  few  hundred  feet. 
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TABLE  XIII. 
Langths  of  Unbalancad  Expotura — Fast. 
Napa-Sonoma    P>rallcW-Pr«aent   TranapoaKloni. 
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Road  construction  has  rendered  desirable  the  removal  of  the  power 
line  to  a  new  location,  at  a  separation  of  about  ^  mile,  between  telephone 
poles  28/46  and  31/2.  The  length  over  the  new  route  is  practically  the 
same  as  the  present.  The  telephone  line  will  remain  in  its  present 
location,  thereby  eliminating  two  miles  of  parallel  and  creating  two 
additional  crossovers.  In  placing  new  telephone  transpositions  allow- 
ance has  been  made  for  two  load  points  within  the  limits  of  the  two 
present  "Standard"  sections,  although  there  are  no  loaded  circuits  at 
the  present  time  over  this  route.  The  retransposition  plans  provide 
for  several  short  sections,  one  E  section  and  one  L  section  in  the  tele- 
phone line.  One  power  transposition  is  eliminated  by  the  moving  of 
the  power  line  and  one  of  the  remaining  power  transpositions,  opposite 
31/42,  is  to  be  taken  out.  By  placing  a  new  power  transposition  mid- 
way between  the  existing  power  transposition  at  pole  33/35  and  the 
crossover  at  pole  34/25,  the  longitudinal  unbalance  is  reduced  to  about 
six  hundred  feet  for  the  portion  of  the  close  parallel  with  the  power 
line  north  of  the  telephone  line.  Longitudinal  balance  for  the  several 
portions  where  the  power  line  is  south  of  the  telephone  line  is  obtained 
by  means  of  four  new  power  transpositions,  as  shown  on  the  drawing, 
one  being  within  the  close  parallel,  one  in  the  portion  at  great  separa- 
tion between  poles  31/19  and  31/33  and  two  in  the  rerouted  section  of 
the  power  line.  The  first  two  mentioned  are  "reversed."  These  sev- 
eral power  transpositions  serve  to  provide  the  proper  phase  arrange- 
ment of  the  power  conductors  in  the  several  sections  of  the  parallel  and 
also  to  provide  approximate  capacitance  balance  of  the  power  conductors 
to  ground  within  the  outside  limits,  of  the  parallel.  The  telephone 
transpositions  include  one  T  section  from  the  end  of  the  present 
"Standard"  section,  pole  36/41,  to  the  heginning  of  the  parallel  at 
35/35.  Five  X  sections  provide  neutral  points  at  the  crossovers  and 
opposite  the  first  two  power  transpositions.     The  first  load  point  is 
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coincident  with  the  crossover  at  33/18.  The  next  power  traospoeition 
occurs  opposite  the  one-mile  point  of  the  L  section  which  esttods 
between  crossovers  at  33/18  and  31/33.  Two  X  sections  extend  to 
31/2.  An  E  section  with  one  end  at  31/2  and  the  other  at  the  mn 
load-point  has  its  third  mile-point  at  the  crossover,  28/46.  The  fourth 
mile-point  is  about  800  feet  from  the  end  of  the  parallel  at  28/6.  Tie 
resulting  unbalance  can  be  eliminated  by  using  "whole-line"  traospo^- 
tions  for  i  mile,  which  is  permissible  in  this  particular  ease,  witb  tlie 
E  section.  A  Z  section  extends  from  the  load-point  to  the  end  of  the 
present  "Standard"  section  at  22/37.  It  is  of  interest  to  note  that. 
should  it  be  necessary  to  continue  the  parallelism  between  SI,*?  and 
28/46,  the  power  transpositions  shown  for  that  portion  of  the  power  ■ 
line  could  be  placed  opposite  the  first  and  second  mile  points,  and  would 
then  give  accurate  longitudinal  balance  while  the  capacitance  bxlao'i^ 
would  be  only  slightly  disturbed. 

F — Santa  Cbljz-Watsonvii.le  Parai.i.j:i.. 

Comraunicalion  company The  Pacific  Tel.  &  Tel.  Co. 

Power  company Coast  Counties  Gas  &  Electric  Co. 

Power  circuit — 

Voltage 22-kV. 

Configuration    Triangle,* 

Length  of  parallel 17.0  miles. 

Average  horizontal  separation (5  feet. 

Induced  volt-miles — 
,  Triangle 1200 

Plat   :_.-____2600 

The  22-kV,  circuit  between  Santa  Cruz  and  'Wataonville,  whidi  is 
part  of  an  isolated  line  extending  from  San  Jose  via  Gilroy  and  \Va(- 
sonville  to  Big  Creek  (Santa  Cruz  CouBty)  parallels  the  telephone  (ir- 
euits  listed  in  Table  XIV,  between  Santa  Cruz  and  Wataonville. 

TABLE  XIV. 
Talaphon*  CIrcuJt* — Santa  Cruz-WationvUle. 

161         PhyBlesl  172         San  Frond sco-Wat son vllle. 

1-4  286         Physical  172         San  FranclBco-Wntsonville.' 

1682  Phantom  173  San  Praoclsca-Sallnaa. 

5-6  1763  Physical         No.  12  Santa  Cruz-WatsoBville 

(Iron) 

St         Physical  172  Santa  Cruz-SaMnns. 

7-10  1761  Physical  172  Santa  Oruz-WatBonvllIe. 

1728  Phantom  172  San  Joae-WateonvlUa. 


t  cooitnietloD  ai  line  ta  ntmflt. 
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None  of  the  eircuits  are  loaded.  Drawing  No.  363  shows  the  present 
and  the  proposed  transposition  schemes.  The  parallel  covers  the  greater 
part  of  two  "Standard"  telephone  transposition  sections,  having  a 
crossover  near  their  junction.  The  separation  is  quite  irregular  and 
the  configuration  is  triangular,  of  several  sizes.  It  is  being  gradually 
replaced  by  unsjTnmetrieal  flat  construction.  There  are  three  power 
transpositions,  one  about  600  feet  from  the  south  end  of  the  parallel. 

Technical  reports  Nos.  39  and  46  show  the  present  unbalanced 
exposures.  The  unbalances,  both  longitudinal  and  transverse,  are  in 
general  large. 

In  retransposing  the  telephone  line  the  sections  are  to  be  so  located 
as  to  provide  for  ultimate  loading.  The  plan  o£  retransposition  shown 
is  chosen  from  several  of  the  same  general  character,  involving  two  E 
sections  with  various  arrangements  of  short  sections.  A  Y  section 
extends  from, the  end  of  the  existing  "Standard"  section  at  .Santa  Cruz 
to  the  beginning  of  the  parallel.  From  the  beginning  of  the  parallel  to 
the  crossover  an  E  section  extends  8/9  of  the  distance,  then  an  X 
section  to  the  load-point,  then  another  X  section  to  the  crossover. 
From  the  crossover  to  the  second  load-point  there  are  two  X  sections 
for  1/9,  then  an  E  section  for  the  remaining  8/9  of  the  distance.  An 
L  section  extends  from  this  load-point,  having  its  third  mile-point  oppo- 
site the  Watsonville  end  of  the  parallel.  An  X  section  extends  to  the 
end  of  the  existing  "Standard"  section  at  Watsonville. 

The  power  transpositions  are  placed  opposite  mile-points  of  the  E 
and  L  sections  to  form  halting  "three-mile"  barrels  and  their  distribn- 
tioQ  is  such  as  to  minimize  the  unbalance  due  to  phase-change  along  the 
lines. 

Transpositions  ia  power  and  telephone  circuits  constitute  a  very 
important  factor  in  determining  the  inductive  interference  experienced 
from  parallelism.  Their  function  is  to  equalize  the  relations  of  the 
.several  conductors  to  each  other  and  to  the  influences  of  the  neighbor- 
it^  circuits,  by  interchanging  the  positions  of  fhe  several  conductors 
of  each  circuit.  In  order  that  they  may  be  effective  in  reducing  the 
inductive  interference  it  is  necessary  that  the  transpositions  of  the  two 
classes  of  circuits  be  carefully  coordinated. 

The  relative  effectiveness  of  transposition  schemes  may  be  estimated 
from  a  study  of  the  unbalanced  exposures  {equivalent  lengths  of  parallel 
of  nontransposed  circuits) ,  Lengths  of  unbalanced  exposure  also  indi- 
cate the  relative  severity  of  induction  into  the  different  circuits  of 
the  same  line.  Convenient  methods  for  the  calculation  of  unbalanced 
exposure  have  been  devised  and  are  given  in  an  appendix. 
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Studies  of  the  "Stmdard"  telephone  transposition  system  as 
encountered  in  particular  parallels  and  in  general  have  shown  its  lULsui;- 
ability  for  coordination  with  power  transposition  barrels  of  praetitabw 
lengths.  To  meet  the  need  of  a.  flexihle  system  which  should  consfrv: 
the  standards  of  cross-talk  balance,  more  effectively  balance  the  tele- 
phone circuits  with  respect  to  all  foreign  circuits  and  at  the  same  tinh- 
(.'ourdiuate  with  power  tranaposition  barrels  of  several  lengths,  tli* 
American  Telephone  and  Telegraph  Company  has  developed  thrrr 
methods  which,  singly,  or  iu  combination,  make  it  practicable  to  reduce 
the  unbalanced  exposures  to  small  amounts: 

1.  E  and  L  si'ctions,  nominally  8  and  4  miles  in  length,  bataufi-jj 

to  nominal  ^,  3  and  multiples  of  3-miIe  barrels. 

2.  Consecutive  X  sections,  that  is,  successive  sections  ^  milt*  or  !>^ 

in  length. 

3.  "Whole-line"  transpositions,  whereby  extra  transpositions  arc 

inserted  in  all  the  circuits  of  the  telephone  line. 

In  considering  the  application  of  transpositions  in  parallels,  points  at 
which  material  changes  in  either  the  phase  or  magnitude  of  the  induction 
occur  must  be  considered  as  points  of  discontinuity.  These  include 
crossovers,  load-points  and  changes  of  separation  or  con&gnration.  Thus 
the  problem  becomes  that  of  providing  for  balanced  exposures  of  iJie 
telephone  line  to  the  power  line,  within  the  uniform  sections  betwem 
points  of  discontinuity.  The  length  and  character  of  tranaposition  sta- 
tions and  haircls  is  usually  determined  by  the  location  of  the  points  oE 
discontinuity. 

It  is  practicable  iu  some  eases  to  nullify  the  effect  of  a  crossover  by 
special  power  transpositions,  or  to  cause  it  to  have  the  same  effect  as  an 
ordinary  transposition,  on  the  induction  between  conductors  and  grouni 
Where  a  power  line  is  alternately  on  one  side  and  the  other  of  a  telephone 
line  it  is  sometimes  feasible  to  combine  successive  lengths  on  the  sime 
side  in  obtaining  balance  for  induction  between  conductors  and  gronnd. 

The  direction  of  the  cyclic  rotation  of  power  transpositions  is  ol 
importance  for  three-phase  circuits.  It  is  often  desirable  to  nse  "nor- 
mal" and  "reversed"  transpositions  in  combination,  thereby  lessening 
the  number  of  power  transpositions  required. 

■  Phase-change  and  attenuation  cause  large  unbalances  for  induction 
from  balanced  voltages  and  currents  at  telephonic  frequencies  witli 
barrels  more  than  a  few  miles  in  length.  They  occur  in  both  power  and 
telephone  lines  and  affect  the  telephone  line  differently  at  different  points 
alofig  the  parallel.  The  unbalance  due  to  phase  change  is  usnally  mudi 
greater  than  that  due  to  attenuation  and  varies  directly  with  the  fre- 
quency and  as  the'sqnare  of  the  length  of  barrel,  approximately.    Ini 
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long  uniform  parallel  the  length  of  power  transposition  barrels  required 
to  obtain  adequate  baluice  is  determined  by  this  factor. 

Where  there  are  several  power  transposition  barrels  in  succession  it  is 
advantageous  to  omit  the  trazispositions  at  the  junctions  of  successive 
barrels,  since  thereby  the  unbalance  due  to  phase  change  may  be  very 
materially  reduced,  and  shorter  barrels  are  obtained  with  a  given  number 
of  transpositions,  which  still  further  diminishes  the  unbalance.  Where 
the  barrels  are  thus  "halted,"  and  all  transpositions  have  like  rotation, 
"the  greatest  advantage  occurs  *hen  multiples  of  three  barrels  are  used. 
If  the  transpositions  of  alternate  barrels  be  reversed,  the  greatest  advan- 
tage is  obtained  with  multiples  of  two  barrels.  With  barrels  four  miles 
and  less  in  length  the  unbalances  are  reduced  to  a  small  fraction  of  a 
mile.  Thusit  may  be  expected  that  three-mile  barrels  in  a  long  parallel 
will  give  a  degree  of  balance  such  that  the  irregularities  of  the  construc- 
tion, even  in  the  more  uniform  parallels,  will  control  the  unbalances. 
For  lai^e  separations,  usually  giving  small  coeffieients  of  induction,  and 
with  good  wave-form,  six-mile  barrels  should  be  sufficiently  effective. 
It  must  be  remembered,  however,  that  consideration  of  discontinnities 
more  often  controls  the  lengths  of  barrel  required. 

The  application  of  the  principles  and  methods  described  in  this  report 
to  typical  practical  cases  is  illustrated  by  plans  of  co-ordinated  trans- 
position Bj-stems  for  each  of  the  several  parallels  investigated  by  the 
Joint  Committee. 

Beq>ectfully  submitted. 

(Signed)     Livingston  P.  Fekkis, 
Assistant  Field  Engineer. 

Attachkehts:  .Appendix — Method  at  Calculation  ot  Leagths  of  TJobalanced 
Eiposure.  P.  I.  C.  DrawiDgs  Nob.  137,  3&4,  355,  3B8,  356,  300.  301,  362,  3S3,  384, 
360,  3677,  368;  A.  T.  &  T.  Co.  Drawings  Nob.:  92-B-75,  92-E-76,  92-B-77,  93-E-2. 
g3-E-3,  &^E-4. 

Approred ;  Januarj-  8,  IftlT. 

(Signed)     E.  W.  Mastick, 

Field  Engineer. 

Approved  ;  Jannair  8,  1917. 

SUBCOHMITTBE  ON   Tsm^S, 

(Signed)     J.  E.  Wooi>beu>ge, 

Chainuan, 

Joint  Committee  on  Inductive  Interperence, 
(Signed)     Arthur  P.  BKroae, 

Secretary. 

January  8,  1917. 
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In  the  study  of  parallels  of  power  and  telephone  lines  it  is  often 
desired  to  know  the  lengths  of  unbalanced  exposnre  for  given  trans-. 
position  schemes.  The  purpose  of  this  appendix  is  to  present  a  con- 
venient method  for  doing  the  work. 

A  diagram  of  telephone  tran^^positioDs  is  made  up  as  shown  an 
drawing  Xo,  3t)8,  Fig.  1,  which  shows  the  "-|-"  and  "  — "  exposures 
of  each  circuit  on  the  top  erossarm  for  a  complete  section  of  the 
"Standard"  system  with  phantoms  on  pins  1-4  and  7-10.  The  circuit 
numbers  refer  to  pins  occupied  at  the  beginning  of  the  first  tran&poM- 
tion  section.  This  diagram  applies  to  all  sections  transposed  in  this 
manner.  Such  diagrams  should  be  made  for  all  types  of  telephone 
transposition  sections  to  be  studied. 

A  "Transposition  Distance  Chart"  is  then  prepared,  whose  parpose 
is  to  show  the  actual  distances  between  sueces.sive  telephone  transposi- 
tion pole^s,  and  the  distances  from  the  nearest  telephone  transposition 
poles  to  all  power  transpositions  and  points  of  discontinuity,  such  as 
ends  of  parallel,  crossovers,  or  load-taps.  This  chart  is  not  to  scale, 
but  the  spaces  between  successive  telephone  transposition  points  are 
equal,  and  the  same  as  the  corresponding  spaces  on  the  trauspoution 
diagram.  There  is  shown  on  drawing  No.  368,  Fig.  2,  a  "Transposition 
Distance  Chart"  showing  part  of  the  San  Jose-Gilroy  parallel.  It  is 
convenient  to  divide  the  parallel  into  zones,  separated  by  points  of 
diacontiauity  or  telephone  load-points. 

In  order  to  determine  the  unbalances  for  any  circuit,  it  is  couTenient 
to  make  one  of  these  two  drawings  on  a  series  of  stiff  paper  strips, 
which  can  be  laid  upon  the  other  drawing  in  proximity  to  each  lone  as 
desired.  For  example,  to  determine  the  unbalances  for  circuit  7-8  in 
Zone  2,  the  transposition  diagram  for  T-8  should  be  drawn  on  a  narrow 
strip  of  stiff  paper,  and  laid  over  the  "Transposition  Distance  Chart," 
close  to  the  part  representing  Zone  2,  and  with  corresponding  points  of 
the  two  drawings  coincident.  It  is  immaterial  which  of  the  drawings 
is  made  on  the  strips. 

The  three  different  phases  of  induction  from  a  transposed  three-phase 
power  circuit  of  uniform  construction,  are  designated  A,  B,  G.  B  is 
assumed  to  iag  by  120°  Ijehind  A,  and  C,  to  lead  A  by  120°.  Tra&svenc 
induction  is,  in  addition  +  or  — ,  depending  on  the  point  in  the  tele- 
phone transposition  section. 
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The  sample  record  sheet  attached  shows  the  form  used.  The  figures 
entered  are  for  circuit  7-8,  Zone  2,  San  Jose-Gilroy  parallel.  The  sheet 
was  designed  for  use  vdth  a  listing  adding-machine.  First,  of  all  the  + 
A  distances  of  the  circuit  in  the  Zone  are  printed  and  totaled.  Then  the 
— A's  are  printed  and  suhtotaled.  The  +A  total  is  now  added  and  the 
prand  total  taken,  which  gives  the  numerical  sum  of  +A's  and  — A 'a, 
or  the  "longitudinal"  A-expoaure.  The  same  is  done  for  "B"  and 
"C."  The  "total"  mark  at  the  head  of  each  column  insures  that  the 
machine  is  clear  to  begin  with.  The  diifereneeB  of  +A's  and  — A's, 
etc..  give  the  transverse  unbalances.  The  algebraic  sum  of  the  A,  B  and 
C  transverse  unbalances  is  the  transverse  residual  unbalance.  The 
three  transverse  and  longitudinal  unbalances  are  then  combined  in 
three-phase  relation  to  determine  the  resultant  unbalances  to  balanced 
currents  and  voltages. 

To  combine  several  zones  requires  compotation  to  determine  the  rela- 
tive magnitude  of  the  induction  per  unit  length,  and  the  phase  differ- 
ence, where  crossovers  or  changes  in  separation  occur. 

It  should  be  observed  that  some  telephone  circuits  have  opposite 
exposures  at  corresponding  points  of  successive  transposition  sections. 
Account  must  be  taken  of  this  fact  in  combining  the  unbalances  of 
successive  sections. 

Attached:     Sample   Racocd  8he«t. 
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(SAMPLE  RECORD  SHEET.) 

Lengthi  of  Unl 

Parallel— San  Joae-Oltroy 

Bemarks— Present  transpoaltions. 
Circuit  No.  7-«. 
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Technical  Report  No.  67. 


Introduction. 

DiBcussioDs  in  techuical  reports  Noa.  39,  46.  51,  66  and  elaewhere  have 
dealt  with:  (1)  the  effect  of  transpoeitions  in  eontrolling  the  phase  of 
induction  dne  to  balanced  currents  and  voltages,  and  in  balaneing  the 
capacitances  of  the  several  conductors  of  the  power  circuit  to-  earth ; 
and  (2)  systems  of  telephone  transpositions.  The  purpose  of  thia  report 
ia  to  consider  some  details  of  power-circuit  transpositions,  and  to  dis- 
cuss transposition  systems  for  the  private  telephone  circuits  of  power- 
companies,  often  carried  on  the  same  lines  with  the  power  circuits. 

Transposition  SyBtenps  for  Power  Oimiits. 

^  The  ordinary  method  of  transposing  a  three-phase  circuit  is  to  divide 
a  section  of  uniform  configuration  into  three  parts  of  equal  length  by- 
two  transpositions  at  the  third  points,  aueh  that  each  conductor  occu- 
pies the  three  conductor  positions  in  succession  as  shon'n  in  Fig.  1,  of 
drawing  No.  373.  Thus  the  condition  for  a  barrelf  in  a  three-wire 
circuit  is  satisfied  with  two  transpositions.  The  traD8i>06ition8  of  Fig. 
1-b  are  "reversed"  relative  to  those  of  Pig.  1-a. 

With  a  larger  number  of  transpositions  an  indefinite  variety  of 
arrangements  may  be  used  to  form  a  barrel.  Ways  in  which  this  may 
be  done  in  practice  are  illustrated  by  drawings  Noe.  361  and  362  of 
technical  report  No.  66,  showing  plans  proposed  for  particular  parallels. 

Fig.  2  of  drawing  No.  373  shows  two  arrangemeols  for  securing,  a 
barrel  with  three  ordinary  transpositions  at  "aiith"  points.  Fig.  2-a 
has  the  advantage  of  having  the  power  wires  in  the  same  positions  at 
both  ends  of  the  barrel. 

Pig.  3  of  drawing  No.  373  shows  a  barrel  obtained  by  means  of  five 
transpositions  at  the  "sixth"  points,  each  transposition  requiring  the 
interchange  of  two  conductors  only,  the  position  of  the  third  being 
unaltered.  Such  an  arrangement  may  prove  useful  in  cases  where  it  is 
found  simpler  to  interchange  two  wires  than  to  make  the  ordinary 
cyclic  transposition  of  Pig.  1.  While  an  ordinary  cy-clic  transposition 
changes  the  phase  of  the  induction  from  balanced  voltages  and  currents 
by  120  degrees,  the  interchange  of  two  wires  reverses  the  phase  of 
•Supplementing   technical    report   No. 


.xigic 


1080  INDUCT! 

the  induction  with  reapeet  to  the  compooeDt  from  the  wire  whose 
position  is  not  altered.  This  method  of  transposing  a  line  is  not  in 
general  to  be  recommended. 

The  rearranRement  of  conductors  at  crossovers  necessarj-  in  order 
that  the  effect  of  the  crossover  on  induction  may  be  nullified,  is  dis- 
cussed in  technical  report  No.  66,  page  1028.  At  the  crosaover  each  con- 
ductor is  changed  to  a  symmetrical  position  on  the  opposite  side  of  the 
supporting  structure,  it  being  assumed  that  the  separation  of  power 
and  communication  lines  is  the  same  in  the  two  directions.  In  cases 
where  it  is  desired  that  the  crcffisover  have  the  effect  of  an  ordinarr 
transposition,'  a  special  transposition  is  used,  which  is  equivalent  ta  an 
ordinary  transposition  superposed  on  this  rearrangement.  If  the  con- 
figuration is  such  that  two  of  the  conductors  are  symmetrically  located 
with  respect  to  the  supporting  structure,  the  position  of  one  of  these 
conductors,  at  such  a  transposition  point,  remains  unaltered. 

The  application  of  these  principles  to  the  unsymmetrical  horiz(»itaI 
configuration  is  shown  by  Pig.  4  of  drawing  No.  373.  Capacitance  bal- 
ance to  earth  is  secured  in  each  half  of  the  total  length  shown.  By 
inserting  the  transposition  "M"  at  the  center,'  a  barrel,  that  is.  a 
section  balanced  to  s  oonimunieation  wire  T,  is  secured  in  the  total 
length,  while  for  communication  wire  T,  which  crosses  the  power 
circuit  at  each  transposition,  balance  is  obtained  in  each  half  of  the 
total  length. 

The  arrangements  of  three-wire  circuits  on  drawing  No,  373  ctnse 
mutually  neutralizing  effects  in  a  neighboring  communication  wire  in 
the  length  of  section  ^own,  for  all  balanced  voltages  and  currents 
associated  with  the  conductors,  that  is,  for  those  whose  vector  sum  is 
aero.  This  includes  single-phase  components  employing  two  wires  of  a 
three-phase  circuit  as  well  as  the  components  120  degrees  apart  in 
phase.  Thus  the  same  transposition  system  is  effective  for  any  three- 
wife  circuit  whether  ftree-phase,  two-phase  or  single-phase. 

In  general,  if  there  are  "n"  like  conductors,  by  transposing  them 
in  cyclic  fashion  they  form  a  barrel  divided  into  "n"  equal  parts  by 
"n  —  1"  transpositions  and  "n"  mutually  neutralizing  fields  are  pro- 
duced in  the  "n"  parts  of  the  barrel.    Each  transposition  changes  the 

time  phase  by  — —  degrees  for  induction  from  components  equal  in 

magnitude  and  —  degrees  apart  in  phase,  and  also  provides  mutually 

n 
neutralizing  fields  from  the  single-phase  components  confined  to  two 
or  more  of  the  conductors.     This  leaves  only  the  rewduals,  having  the 
group  of  conductors  as  one  side  and  earth  as  the  other  side  of  their 
circuit,  to  produce  unneutralized  fields  of  infiuence, 
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This  principle  may  be  applied  in  the  case  of  ft  four-wire,  three-phaso 
circuit  where  the  neutral  wire  is  like  the  phase-wires,  by  trampostng  the 
neutral  wire  as  well  as  the  three  phaae-wires,  thereby  taking  account 
of  the  current  in  the  neutral  wire  and  of  its  voltage  to  ground  (if  iso- 
lated therefrom).  This  arrangement  is  shoivn  in  Pig.  5  of  drawing 
Xo.  373.  Obviously,  such  transpositious  also  equalize  the  capacitances 
to  earth  of  the  several  conductors.  It  is  not  necessary,  however,  to 
transpose  a  neutral  wire  for  the  sake  of  capacitance  balance  of  the 
three  line  wires  to  earth. 

In  technical  reports  Nos,  51  and  65  it  is  shown  that  great  advantage 
in  reducing  capacitance  unbalance  and  in  lessening  the  intensity  of  the 
Inductive  effects  of  balanced  voltages  and  currents  of  twin  circuits  may 
be  gained  by  properly  interconnecting  them  or  by  otherwise  fixing  the 
phase  relations  of  the  conductors  of  the  two  circuits.  The  vertical  and 
nearly  vertical  configurations  are  much  employed  for  twin-circuit  lines. 
To  minimize  capacitance  unbalance  the  method"  of  connection  of  the 
wires  should  be  upper  to  upper,  middle  to  lower,  and  lower  to  middle. 
For  minimum  induction  the  interconnection*  should  be  in  moat  cases, 
upper  to  lower,  middle  to  middle,  and  lower  to  upper.  (Refer  to  techni- 
cal report  No.  65  for  exceptions) .  T'ig.  1  of  drawing  No.  374  shows  the 
transpositions  to  provide  the  best  arrangement  both  within  and  without 
a  parallel.  The. several  wire-arrangements  are  shown  in  cross-section  at 
the  top  of  the  figure.  The  transpositions  in  the  second  circuit  are 
reversed  with  respect  to  those  in  the  first  circuit.  At  each  end  of  the 
parallel  an  addrtional  transposition  is  neee-ssarj'  in  the  second  circuit, 
to  change  the  wire-arrangement  from  the  best  for  capacitance  balance 
to  the  best  for  mitigation  of  induction.  Otherwise,  transpositions 
should  not  be  installed  at  junctions  of  barrels. 

Traasposltioti  STStems  for  Private  Telephone  OireTdts. 

The  private  telephone  circuits  of  power  companies,  especially  when 
carried  on  the  same  Unes  with  power  circuits  are  subject  to  inductive 
effects  of  great  intensityt  and  require  very  careful  transposition  in 
conjunction  with  the  transposition  of  the  power  circuits,  in  order  to 
adequately  control  the  inductive  efteets.  As  the  number  of  such  tele- 
phone circuits  on  one  pole  line  is  few  and  "phantoming"'   (common 

■These  methods  apply  when  giuund  wliea  are  nol  Uied.  Special  Investigation  la 
required  when  mich  are  present. 

tThe  IntenaUy  of  the  Inductive  effect  dependa  upon  the  relative  positions  ot  the 
conductors  of  both  power  anff  tMeptione  circuita  aild  their  proMlmlty  to  the  earth, 
Slleht  changes  In  position  may  very  inaterlaJly  change  the  maEnltude  of  the  Inducllve 
effects.  Methods  for  studying  the  variation  Of  the  Induction  with  the  relative  posl- 
tlona  ot  tbe  clrculta  are  given  In  technical  report  No,  ii4,  while  the  results  of  an 
extended  itudy  of  this  character  are  given  In  t«vhnlCKl  report  No.  65,  though  not 
for  conditions  of  such   close  pronlmlty  of   the   two  claasea   o(  c' — "-   --   ■-   ■ 

asaumed.    To   minimize   the  dlCtorence   In  Inductive  eff ~    " 

telephcqie  circuit,  the  spacing  of  the  telephone  condocW 
mlnlniuiD  conaUtent  with  the  avoidance  of  short  circuit 


■,Gooi^Ic 


1082  iNDtJcri 

practice  with  commercial  telephone  circuits)  is  seldom  or  nerer 
employed,  the  elaborate  desigDs  described  iu  technical  reports  Xoe.  39, 
46  and  66  are  unnecessary.  Care  should  be  taken,  however,  to  tr&cB- 
posf  the  telephone  circuits  frequently  and  in  such  a  way  as  to  mini- 
mize the  cumulative  effects  of  phase-change  and  attenuation.!  To 
aceomplL'^h  the  last  mentioned  result  there  should  be  (1)  an  even  number 
of  telephone  transpositions  in  each  third  of  a  three-phase  barrel  (half 
of  a  single-phase  barrel)  or  (2)  transpositions  should  be  placed  in  the 
telephone  circuit  opposite  the  power  circuit  transpositions;  the  first 
alternative  being  preferable.  A  system  involving  simply  telephone 
transpositions  opposite  mid-points  of  thirds  of  a  three-phase  barrel 
( halves  of  a  single-phase  barrel)  is  especially  undesirable  in  allowing  the 
ujibalances  due  to  phase-i'bange  and  attenuation  to  accumulate. 

Fig.  2  of  drawing  No.  374  presents  three  systems  of  transpositions 
for  telephone  circuits,  properly  coordinated  with  the  traDspositions  of 
one  barrel,  in  a  three-phase  circuit,  and  suitable  for  the  transposition 
of  a  power  company's  private  telephone  circuit.  Inspection  of  the 
drawing  will  show  that  the  average  position  of  each  side  of  each  tele- 
phone circuit  with  respect  to  the  power  circuit  is  the  same  in  each  one- 
third  of  a  barrel  in  the  three-phase  circuit  or  in  each  one-half  of  a  barrel 
in  the  single-phase  circuit.  In  other  words,  both  sides  of  a  telephone 
circuit  HO  transposed  are  equally  "exposed"  or  "balanced"  with  re^)ect 
to  the  power  circuit.  This,  in  general,  is  the  condition  to  be  sought  in 
any  transposition  system.  In  the  three  systems  shown  this  condition 
of  balance  obtains  in  each  eighth  part  of  the  section-  of  barrel  above 
mentioned.  For  the  most  effective  results  an  integral  number  of  power- 
circuit  barrels  with  the  accompanying  co-ordinated  telephone  trans- 
position s.vstems  should  be  installed  between  successive  discontinuities.* 

The  telephone  transpositions  as  shown  are  adapted  for  use  with  barrels 
in  a  three-phase  circuit  ranging  approximately  from  six  to  twelve  mils 
in  length  and  with  barrels  in  a  single-phase  circuit  ranging  approxi- 
mately from  four  to  eight  miles  in  len^h.  If  the  lengths  are  from  three 
to  six  for  three-phase  or  from  two  to  four  miles  for  single-phase,  one-half 
the  systems  as  shown  will  ordinarily  be  sufficient.  In  such  an  event,  if 
system  3  is  used,  an  additional  transposition  should  be  installed  opposite 
each  power-circuit  transposition. 

Owing  to  the  great  intensity  of  the  induction  to  which  tiiese  privale 
telephone  circuits  are  subjected,  every  reasonable  effort  should  be  made 
to  have  the  actual  locations  of  the  transpositions  coincide  with  their 
theoretical  locations.  The  deviations  from  the  theoretical  locations 
should  not  ordinarily  exceed  one  hundred  feet.    Rather  than  sacrifiee 

ft'hnlcal  report  No.  64. 
ntmns  any  abrupt  change  In  thf   relative  pOBftlont  »( 
:lrcu1t,   or  anr  abrupt   change  in   connguratlon,  line 
such  circuit. 
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accuracy  in  the  spacing  of  the  transpositions  it  may  be  preferable  to 
employ  a  less  elaborate  system  than  would  otherwise  be  used. 

To  prevent  "cross-talk"  between  different  telephone  eircuita  carried 
on  the  same  pole-line,  the  three  transposition  systems  shown  are  different 
and  mutually  balanced.  System  1  is  recommended  wlien  there  is  only 
one  telephone  circuit  and  systems  1  and  2  when  there  are  two  circuits. 
It  is  assumed  that  these  telephone  circuits  are  not  to  be  "phantomed." 

Methods  of  Obtaining  Olearance  at  Power  Transpositions. 

ilany  different  arrangements  have  been  proposed  and  used  for  inter- 
changing conductors  at  transposition  points  of  power  eircuita.  Two 
general  classes  are  to  be  distinguished:  (1)  those  in  which  the  inter- 
change requires  a  span  or  more  of  line,  with  poles  spaced  normally  or 
nearly  so,  and  (2)  those  in  which  the  conductors  are  dead-ended  and 
rearranged  at  one  supporting  structure  (or  two  very  close  together). 

The  simplest  ease  is  that  of  the  triangular  configuration  where  often 
no  special  construction  whatever  is  necessary,  though  it  is  desirable  that 
the  span  in  which  the  twist  is  made  be  moderately  short. 

Various  methods,  employing  extra  cross-arms,  extensions  on  the  regu- 
lar cross-arms,  "buck"  arms,  extra  insulators  on  the  regular  cras.s-arms, 
etc.,  are  illustrated  by  the  figures  on  drawing  No.  375.  Different 
methods  are  availaWe,  depending  on  the  configuration,  and  upon  whether 
pin  or  suspension  insulators  are  used.  No  attempt  is  here  made  to 
discuss  the  details  of  materials  required,  since  they  depend  so  much  on 
the  strength,  style  of  construction  and  voltage.  The  methods  shown  for 
the  horizontal  configuratiou  are  used  also  for  the  triangular  configura- 
tion. One  of  the  figures  of  vertical  lines  illustrates  twin  circuits  trans- 
posed as  shown  on  Fig.  1  of  drawing  No.  374.  For  simplicity,  the  twin 
circuit  has  been  omitted  from  the  other  drawings. 

Within  parallels  it  is  an  advantage  to  have  the  transpositions  com- 
plete within  as  short  a  space  as  practicable,  to  minimize  the  extent  of 
the  disturbance  of  the  normal  configuration.  The  three-span  type  is 
especially  objectionable  from  this  standpoint. 
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Many  different  situations  arise  in  practice,  methods  for  the  treatment 
of  which  may  be  suggested  by  the  esamples  given. 

Respectfully  submitted. 


(Signed)     Livingston  P.   '. 

Assistant  Field  Engineer. 


Attachuemts:    P.  I.  C.  DraningB  Kos.  3T3.  374,  375. 
Approved :  Aocvst  20,  IWT. 


Approved :  August  21,  1&17. 


(Signed)     R.  W.  Mastick, 

Field  Engineer. 

SUBCOUUITTBC  ON    TeSTS, 

(Signed)     J.  £.  Woodbbidge:, 

Chairman. 

Joint  Committee  oh  Inductive  Interference 
(Signed)     Abthuk  P.  Bbidoe, 

Secretary. 
August  24.  1817.  ' 
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Technical  Report  No.  68. 

June  28,   1&17. 

EFFECT  OF   PROTECTIVE   GROUND  WIRES  OF   POWER    LINES  ON 
INDUCTION  IN  PARALUE).  COMMUNICATION  CIRCUITS. 

Introduction. 

The  stiidk«-of;:iflfta«tiO&  presMrted-in  teekuicaL  refOHTCo.  B5  do  not 
cover  cases ^iar^' hi cb^Eound  wires  for  protSrtive  jpurposes' are  used  with 
the  po.\vM  NroiiitBi  ^  tt  is  the  purpose  of  this  report  to  present  the  results 
of  computations  of 'the  effect  of  such  ground  wires  on  the  induction  in 
neighboring  communieationcireiiits  for  two  relatively  simple  eases. 

AsHuioptions  uidJSetbiKl.  ~  "  '    '    ~       ' 

Two  cases  were  considered:  one  a  triangular  power  circuit  with  six- 
foot  conductor  spacing,  having  a  ^-inch  steel  ground  wire  six  feet  above 
the  vertex  conductor;  and  the  othw-a  ^^metrical  horizontal  circuit 
with  adjacent  ctmduetorsspaeed-^rt^feet  and  with  two  l-inch  steel 
ground  wires  seven  feet  Above  the  plane  of  the  power  conductors  and 
equidistant  from  the  intermediate  and  outride  conductors.  A  grounded 
communication  circuit  was  assumed  30  feet  and  600  feet  distant  in  the 
first  case,  and  65  and  1040  feet  tHatant  in  the  seeond'CaM-  The  cross- 
sectional  dirbensions  for  the  two  eases  are  sh^wirbn  drawing  No.  376. 

The  indui^tipn  trom  the  powar-einniit  voitagss.  depends. upon  the  size 
and  position  of  the  ground  wires,  hot  is  independent  of  their  materiaL 
Induction  from  the  power^circuit  currents  depends  upon  the  resistance 
and  magnetic  permeability  of  the  ground  wires  as  well  as  upon  their 
size  and  position.  Ordinary  grade  of .  galvanized  steel  strand  was 
assumed  in  this  study,  since  experimental  data-eirl^e  resistance  and 
internal  reactance,  of  wires  oTMhm  Srsde  were  .ayfttttJ^e.  ■  Somewhat 
different  results' vr»u Id  be-obtaiB^d  if  wirea  of  St€raea»-Martin  or  extra 
high-strength  steellwere  assumed,  '  '  '  -■ 

Indiictioa  ifota  ioth  balanced  and  residual  components  of  the  power- 
circuit  voltages  and  currents  was  considered,  and  also  the  induction 
from  balanced  voltatres  and  characteristic  residual  voltage  acting 
together.  The  effect  of  the  latter  combination  is  equivalent  to  that  of 
balanced  voltages  between  power  conductors  on  the  assumption  of  no 
transpositions  and  uniform  construction  throughout  the  entire  length 
of  a  short  power  circuit.  In  computing  the  induction  from  balanced 
curreut,  both  possible  directions  of  phase  rotation  of  the  currents  were 
considered. 
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The  theory  and  method  for  computing  induction  has  been  described 
in  technical  report  No.  64.  The  general  case  of  a.  Hingle-circnit  power 
line  with  one  ground  wire  or  a  aymmetrical  twin-circuit  power  line  with 
one  or  two  symmetrically  placed  ground  wires  is  quite  complicated, 
requiring  the  solutioq  of  determinants  of  the  fourth  order.  Such,  cases 
are  presented  by  the  vertical  conliguration.  The  cases  chosen  are  rela- 
tively simple  because  of  s>inmetrical  telations  whereby  the  solution  is 
reduced  to  that  of  third-order  determinant^;  .To  facilitate  the  computa- 
tions, forms  were  developed  similar  to  those  described  in  technical  report 
No.  64.  Calculating  machines  were  used  for  all  the  arithmetical  opera- 
tions. To  lessen  the  numerical  work  the  dimeosions  were  chosen  to 
accord  with  certain  eases  computed  for  technical  report  No.  65. 

Besnlts  of  Oomputatiotu.    - 

The  results  of  the  computations  are  given  in  Tables  I  and  II.  Table  I 
gives  the  values  of  induetioq  in  volts  per  volt  and  millivolts  per  ampere- 
mile  (at  60  cycles),  both  with  and  without  the  presence  of  the  ground 
wires.  Table  II  gives  the  values  with  the  ground  wires  present  ia  per 
cent  of  the  values  which  would  exist  were  the  ground  wires  not  present. 

DiscusBiou  of  Kesnlts. 

The  coefficients  of  induction  from  residual  voltage  and  current  are 
in  all  cases  reduced  by  the  presence  of  the  grounii  wires,  the  amount  of 
the  reduction  being,  in  general,  greater  for  induction  from  residual 
voltage  than  for  induction  from  residual  current,  due  largely  to  the 
resistance  of  the  ground  wires  which  limits  the  carrent  induced  by  the 
residual  current  and  alters  its  phase  from  complete  opposition  to  the 
residual  current.  For  induction  from  residual  current  the  percentage 
reduction  is  practically  independent  of  the  separation  from  the  power 
circuit.  In  the  cases  studied  the  reduction  for  residnal  voltage  increases 
slightly  with  increase  of  horizontal  separation. 
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TABLE  II. 
CMot  of  Oroand  WIrM  «n  Induction  fl^m  Thraa-PI 
d  WirM  In  Par  CaM  at  liMaetlMi 


'Masnltade  depends  upon  phase  ro 
occurs  when  current  tn  conductor  m 
intermediate  conductor  by  120°. 

The  groana  wires  taay  either  increase  or  decrease  the  induction  from 
balanced  voltages  and  currents,  depending  upon  the  relative  position  of 
the  two  classes  of  circuits;  and  doubtless,  also,  on  the  piBitioa  of  the 
ground  wires  relative  to  the  power  conductors.  This  latter  variation 
was  not  studied. 

When  the  ground  wires  are  present  the  magnitude  of  the  induction 
from  balanced  currents  depends  upon  the  phase  rotation  of  the  currents 
or  the  side  of  the  power  circuits  on  which  the  conununication  circuit  is 
situated.  For  the  cases  studied  the  smaller  value  occurs  when  the 
current  in  the  conductor  nearest  the  communication  circuit  leads  the 
current  in  the  intermediate  or  vertex  conductor  by  120'.  The  induction 
in  the  one  case  is  greater  than  when  the  ground  wires  are  not  present 
and  in  the  other  less.  The  cause  of  this  dissymmetry  in  the  field  about 
the  power  circuit  is  the  resistance  of  the  ground  wires,  on  account  of 
which  their  currents  are  not  in  quadrature  with  their  induced  voltages. 
For  any  symmetrical  configuratioo  the  field,  due  to  the  balanced  voltages, 
is  symmetrical  with  respect  to  the  power  circuit. 

The  addition  of  the  ground  wires  in  the  cases  studied  slightly  increases 
the  characteristic  residual  voltage  of  the  triangular  circuit  and  greatly 
reduces  that  of  the  horizontal  circuit. 
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The  results  obtained  in  tbia  brief  etad;-  are  Bufficient  to  indicate  Ik 
important  effect  whieb  grovmd  wires  may  bave  in  eitber  inereasag  or 
decreasing  tbe  induction  otherwise  oanaed  by  a  power  cireoit.  Tbon^ 
only  single-circuit  lines  were  considered,  equally  important  effects  ma; 
be  expected  in  the  case  of  twin-circuit  power  lines. 

Bespectfolly  submitted. 

(Signed)     LivmosTON  P.  Febbis, 
Aasistant  Field  Bngineer. 


Attachment:   P.  I.  C,  Drawing  No.  376. 
Approved:  August  20,  1917. 


Approved:  August  24,  1917. 


(Signed)     R.  W.  Mastick, 

Field  Engineer. 

SUBCOmUTTEB  ON   TeSTB, 

(Signed)     J.  B.  ■Woodbejdgb, 

Cfaairmaii. 

Joint  Cohmitteb  on  Inductive  Intebference, 
(Signed)     AxFBUfi  P.  BniDiaB, 

Secretary. 


Angurt  24,  1917. 
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Technical  Report  No.  69. 

July  19,  191T. 

RELATION  OF  CURRENTS  IN  TERMINAL  APPARATUS  OF  TELEGRAPH 

CIRCUITS  TO  INDUCED  VOLTAGES  AND  LOCATION  OF  PARALLEL. 

Introduction. 

The  purpose  of  this  report  is  to  describe  and  to  illostrate  by  examples 
the  method  of  computing  the  current  in  the  terminal  apparatus  of  a 
telegraph  circuit  in  terms  of  the  induced  voltage,  given  the  position  of 
the  parallel,  the  length  and  constants  of  the  line  and  the  coustants  of 
the  terminal  apparatus.  Methods  of  computing  induced  voltages  in 
terms  of  the  voltages  and  currents  of  parallel  power  circuits  and  the 
dimensions  of  the  parallel  are  described  in  technical  report  No.  64. 
The  GoefBeients  of  induction  for  most  practical  cases  of  paralleliam  with 
single-circuit  power  lines  are  available  from  the  curves  of  technical 
report  No.  65.  The  two  reports  cited  together  with  this  one  furnish 
means  of  determining  the  induced  extraneous  current  in  the  terminals 
of  telegraph  circuits  in  terms  of  the  voltages  and  currents  of  parallel 
power  circuits  and  the  various  dimensions  and  electrical  constants 
involved. 

MethodB  of  Oorapntation. 

In  computing  induced  current,  any  abort  parallel  involving  a 
grounded  communication  circuit  may  be  represented  by  the  equivalent 
network  shown  on  drawing  No.  377.  The  electrically  induced  voltage. 
E„  is  represented  by  a  fictitious  generator,  whose  open-circuit  voltage 
is  Ef,  in  series  with  the  open-circuit  impedance,  Z,;  of  the  section  of 
line  within  the  parallel  and  connected  between  line  and  gronnd  at 
the  middle  of  the  parallel.  The  magnetieaUy  induced  voltage,  Ei,  is 
represented  by  two  generators  each  with  open-circuit  voltage  eqnal  to 
^Ei  and  connected  in  series  wfth  the  line.  Z,  and  Z,  are  the  impedanctB 
to  ground  of  the  sections  of  line  in  the  two  directiona  from  the  middle 
of  the  parallel,  including  the  effect  of  the  terminal  apparatus  at  the 
ends  of  the  line.  It  is  assumed  that  Z,  is  lai^  compared  with  tlie 
other  impedances. 
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Expressing  the  eurr«its  at  the  two  ends  of  the  parallel  in  terms 
of  the  induced  voltages  and  the  impedances, 


z= 

E. 

z,  +  z. 

"zT 

z. 

E. 

z.  +  z. 

'  z. 

E, 

I.    =      (3) 

Z,  +  Zi 

The  induced  current  II,  due  to  magnetic  induction,  is  directly  pro- 
portional to  the  voltage  E[,  induced  along  the  eonduetors.  This  volt- 
age, E|,  is  proportional  to  the  length  of  the  parallel  and  the  induced 
voltage  per  unit  length,  determined  by  the  cross-sectional  dimension* 
of  the  parallel  and  the  power-circuit  currents.  The  induced  current. 
Is,  due  to  electric  induction  is  directly  proportional  to  the  induced 
voltage,  E„  and  also  to  the  length  of  the  parallel,  since  Zp  is  inversely 
proportional  to  the  length.  E,  is  independent  of  the  length  of  the 
parallel  and  is  determined  by  the  cross-sectional  dimensions  of  the 
parallel  and  the  power-circuit  voltages.  Thus  the  current  due  to  mag- 
netic induction  is  proportional  to  the  corresponding  total  induced 
voltage  and  that  due  to  electric  induction  to  the  product  of  the  corre- 
sponding induced  voltage  and  the  length  of  parallel.  Therefore,  the 
volt  may  be  taken  as  a  measure  of  magnetic  rnduotion  and  the  volt- 
mile  as  a  measure  of  electric  induction.  The  relative  am'ounts  of  enr- 
reot  corresponding  to  these  units  are  given  below  for  the  numerical 
examples. 

Where  there  are  several  conductors  on  the  line  it  is  necessary  to  take 
account  of  their  mutual  "shielding"  effects.  If  the  separation  from 
the  power  circuit  is  moderate  or  large  the  voltages  induced  in  the 
several  conductors  are  very  nearly  equal.  Assuming,  then,  that  the 
various  circuits  have  equal  impedances,  the  induced  vpltages  and  cur- 
rents of  the  several  conductors  at  any  point  along  the  line  are  practi- 
cally equal. 

Thus,  allowing  for  other  conductors,  the  impedance  Zp  is  determined 
by  the  direct  capacitance  to  ground  of  the  conductor  within  the  parallel. 
10" 

Zp  =  -j (4) 

2,rfCS, 

"Where  f  is  the  frequency  in  cycles  per  second,  C  is  the  direct  capaci- 
tance of  the  conductor  in  microfarads  per  unit  length  and  S^  is  the 
length  of  the  parallel. 
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In  compnting  the  impedances  Z,  uid  Z,  of  the  line  in  the  two 
directions  from  the  parallel  the  direct  capaoitanee  and  direct  leska^ 
per  unit  len^h  and  an  equivalent  inductance  per  unit  length  are  used. 
This  equivalent  inductance  is  equal  to  the  sum  of  the  self-inductance 
of  the  conductor  and  the  mutual  inductances  between  the  eondactor 
and  all  other  conductors  on  the  line.    Thus 

L  =  L.  +  M.„  +  M„  +  .  .  .  .  M„  (5) 

In  most  cases  telegraph  circuits  are  sufBcientty  long  that  it  is  desir- 
able to  compute  their  impedances  using  formulas  which  take  account 
of  the  distributed  constants.  The  formulas  which  follow,  given  in 
terms  oE  hyperbolic  functions,  are  based  upon  this  assumption.  Their 
development  is  given  in  numerous  textbooks. 

Let  the  constants  of  the  telegraph  circuit  be : 

R  =  resistance — ohms  per  mile, 

L  =  inductance  (defined  as  above) — henrys  per  mile. 
G  =  direct  leakage  conductance — micromhos  per  mile. 
C  =  direct  capacitance — microfarads  per  mile. 
Z  ^R  +  j2iTfL  =  impedance — ohms  per  mile. 
.  Y  =  (G  +  j25rf  C)  10"  =  admittance — mhos  per  mile. 
P  =  yZY  =  propagation  constant — radians  per  mile. 

Zo  =      /--    -^  characteristic  impedance — ohms. 

Z,  =  terminal  impedance — otwa. 

S„  St  =  lengths  of  line  in  the  two  directions  from  the  parallel — 
miles. 
Then: 

Z,  +  Z.  Tanh  PS^ 

Z,  =  Z. (6) 

Z,  +  Z,  Tanh  PS, 

Z,  -t-  Z.  Tanh  PS, 

Zj  =  Z„ (7) 

Z„  +  Zr  Tanh  PS^ 

If  the  line  is  long  and  the  attenuation  great  so  that  Tanh  PS  is 
nearly  unity,  or  if  the  terminal  impedance  Zr  is  nearly  equal  to  the 
characteristic  impedance,  the  line  impedance  is  then  practically  eqiial 
to  the  characteristic  impedance. 

Formulas  (1),  (2)  and  (3)  give  the  induced  currents  at  the  ends  of 
the  parallel  in  terms  of  the  induced  voltages  and  the  impedances.  To 
determine  the  currents  at  the  terminals  of  the  circuit  it  is  further 
necessary  to  compute  the  attenuation  between  the  parallel  and  the 
terminal  apparatus. 
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Let  the  total  currents  at  the  two  ends  of  the  parallel  be  I'  and  I", 
and  let  I,'  and  h"  be  the  currents  in  the  terminal  apparatus  at  the 
two  ends  of  the  circuit.    Then, 

I'=I'.  +  I,  (8) 

I"  =  I".  +  I,  (9) 

Z. 

V  =1'  (10) 

Z,Co8hPS,  +  ZrSinhPS. 

Z. 

I/'  =  I" (11) 

Z„  Cosh  PSs  +  Zr  Sinh  PS, 

In  combining  the  currenta  due  to  electric  and  magnetic  induction,  a 
knowledge  of  the  phaae  relations  of  the  power-circuit  voltages  and  cur- 
rents is  required  and  also  the  phase  of  the  induced  voltages  referred 
to  the  voltage  or  current  of  the  power  circuit  However,  the  attenua- 
tion may  be  computed  separately  for  the  currents  due  to  electric  and 
magnetic  induction.  This  is  the  method  employed  in  the  illustrative 
examples  discussed  in  the  following  section. 

Nnmerioal  EsamplM. 

As  an  illustration  of  such  computations,  the  results  are  given  of  a 
study  of  the  relation  of  induced  current  to  induced  voltage  and  posi- 
tion of  parallel  for  a  representative  telegraph  line.  The  constants  of 
this  line  are  as  follows : 

Length  (S) 400  miles 

Number  of  condactots 6 

Spacing 1  foot 

Height 20  f*et 

Size  and  material No.  12  N.B.S.G.  copper 

Resistance  (E) 6  ohms/mile 

Inductance  (equivalent)  (L) 0.0138  heurys/mile 

Capacitance  (direct)   (C) 0.00373  microfarads/mile 

Leakage  conductance  (direct)  (Q) 0,  0.35  end  1.4  micromhos/mile 

Terminal  impedance  at  60  cycles  (Zr)-— siX)  -f  j  110  ohms 

The  values  of  leakage  conductance  assumed  correspond  approxi- 
mately to  values  of  insulation  resistsnce  of  infinity,  1  and  1/4  megohm 
per  mile  as  ordinarily  measured  from  one  wire  to  ground  with  the 
others  grounded.  Three  positions  of  the  parallel  were  considered ;  at 
each  end  and  at  the  middle  of  the  line.  The  results  are  given  in 
Tables  I  and  II.  The  percentage  values  are  plotted  on  drawing  No.  37S, 
showing  the  variation  of  the  current  in  the  terminal  apparatus  with  the 
distance  to  the  parallel. 
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.   TABLE  I. 
Induced  Currfota  tn  Talegraph  Apparatus. 

mlcroimiMm  per  TDU-IDIIe  Dk 
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III  Table  II  the  values  are  givei]  in  per  e«nt  of  the  corresponding 
vahie  when  the' parallel  is  adjacent  to  one  terminal  of  the  circuit. 

TABLE   M. 

Induced  Current*  In  Telegraph  Apparatus. 

Per  Cent  of  Current  When  Parallel  l>  Adjacent  to  Terminal. 


SaBBrfclBducU. 

» 

tUdHtte  lodnctLa 

•^rSTlSllS 

'      ^ 

\^ 

0 

100 

100 

100 

IW 

IflO 

100 

200 

66 

•3 

51 

loa 

87 

61 

400 

ao 

is 

14 

116 

91 

» 

The  effect  of  the  location  of  the  parallel  is  mnch  more- important  tor 
electric  induction  than  for  tqagnetic  induction.  In  all  castas,  the  cur- 
rent at  the  terminals  due  to  electric  induction  decrepaes  as  the  distaace 
to  the  parallel  increases.  Wften  the  parallel  is  at  the  middle  of  the 
line  the  current  is  from  51  to  €€  per  cent  (depending  upon  insulatim 
resistance)  of  the  corresponding  value  when  the  parallel  is  adjacent  to 
the  terminal.  The  total  current  from  Ihe  parallel  diie  to  electric  induc- 
tion is  practically  independent  of  the  position  of  the  parallel,  being 
controlled  by  the  capacitanoes  to  ground  of  the  section  of  drcait  within 
the  parallel.  The  amounts  of  current  in  the  two  directions  are  iuTersely 
proportional  to  the  impedapces.  The  line  impedance  increases  with 
increasing  distance  from  the  terminal,  hence  the, greater  current  is  in 
the  direction  of  the  shorter  length  of  line  and  the  current  in  the  termi- 
nal, apparatus  therefore  decreases  as  the  distance  to  the  paralld 
increases. 
■_  The  current  due  to  magnetic  induction  is  proportional  to  the  sum  of 
the  impedaoces  of  the  line  in  the  two  directions  from  the  parallel.  With 
high  insulation  this  does  not  vary  greatly  witJi  the  position  of  the 
parallel,  and  since  the  attenuation  ia  also  small  the  current  at  the 
terminals  does  not  vary  greatly  with  position  of  the  parallel.    In  this 
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case  when  the  leakage  conductanee  is  negligible,  the  received  curreat 
iQcreasea  slightly  as  the  distance  from  the  terminal  to  the  parallel 
increases. 

Table  III  shows  the  relative  importance  of  8  volt  of  magnetic  induc- 
tion and  a  volt-mile  of  electric  induction  for  a  telegraph  circuit  of  this 
length  and  character,  giving  the  number  of  volt-miles  causing  the  same 
current  in  the  terminal  apparatus  as  one  volt. 


TABLE 

III. 

Numbar  of  Volt-mllM  Equivalent  to  On.  Volt. 

(Jmu^^iJ 

-^ 

"    1                ° 

0.85                     1.4 

Averato 

0 
200 
400 

202 
311 
1170 

235                    334 

333                    400 
1170                   1180 

285 
375 
1170 

The  relative  importance  of  the  two  factors  varies  both  with  insula- 
tion resistance  and  with  the  position  of  the  parallel,  the  latter  variation 
being  the  more  important.  Considering  locations  only  within  the  first 
half  of  the  line,  300  volt-miles  may  be  taken  as  a  representative  equiva- 
lent of  one  volt. 

Respectfully  submitted. 

(Signed)     Livingston  P.  Ferris, 

Assistant  Field  Engineer. 
AiTACHtD;    p.   I.   C.   DrawiOKs  Nob.  877  and  378. 
ApproTed:  AueuBt  20,  1917. 


ApproTed :  AuKuet  24,  1917. 


(Signed)     R.  W.  Mastice, 

Field  Engineer. 

SuBCOHHrrTEE  ON  Tbsts, 
(Signed)     J.  E.  Woodbridqe, 

Chairman. 

Joint  Cohhittee'  on  Inductive  Interference, 
(Signed)     Arthur  F.  Bridge, 

Secretary. 

Aucuat  24,  1917. 
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Technical  Report  No.  70. 

AuguBt  17,  191T. 

RELATIVE  IMPORTANCE  OF  VOLT-MILE  (ELECTRIC  INDUCTION)  AND 
VOLT  (MAGNETIC  INDUCTION)  IN  CAUSING  INTERFERENCE  WITH 
TELEPHONE  CIRCUITS. 

IntrodoctioiL 

The  relative  importance  of  electric  and  magnetic  induction,  in  a  ^ren 
case  of  parallelism  involving  power  and'  telephone  circuits,  depends 
upon :  ( 1 )  the  magnitudes  ajid  wave-fonna*  of  the  voltages  and  cnrrenta 
of  the  power  circnit,  (2)  the  coefficients  of  electric  and  tuagaetic  induc- 
tiont,  and  (3)  the  relative  amounts  of  current  in  the  telephone  receiver 
caused  by  unit  amounts  of  induction  of  the  two  classes. 

It  is  the  purpose  of  this  report  to  discuss  the  last-named  factor  and 
to  derive  a  representative  equivalent  of  the  volt,  as  a  unit  of  magnetic 
induction,  in  terms  of  the  volt-mile  as  a  unit  of  electric  induction. 

The  current  due  to  magnetic  induction  is  directly  proportional  to  the 
corresponding  voltage  induced  in  the  eirenit.  The  current  due  to 
electric  induction  is  directly  proportional  to  the  product  of  the  corre- 
sponding induced  voltage  and  the  length  of  parallel,  the  voltage  due  to 
electric  induction  being  determined  by  the  crosa-sectional  dimensions 
of  the  parallel  and  the  power-circuit  voltages,  and  independent  of  the 
length  of  the  parallel.  See  technical  report  No.  69,  page  1095,  for 
further  discussion  of  these  units. 

Both  the  longitudinal]:  induced  voltages  acting  through  the  telephone 
circuit  unbalances  and  the  transverset  induced  voltages  cause  eorrent 
in  the  telnphone  receivers.  Different  considerations  govern  the  relative 
importance  of  electric  and  magnetic  induction  in  the  two  cases,  and  for 
convenience  they  are  discussed  separately. 

Longitudinal  Voltag«. 

The  current  in  the  terminals  of  a  telephone  circuit  due  to  longitudinal 
induction  and  admittance  unbalance  to  ground  is  proportional  to  the 
product  of  the  unbalance  and  the  voltage  to  ground  at  the  point  where 
the  unbalance  occurs.  That  due  to  longitudinal  induction  and  series 
impedance  unbalance,  is  proportional  to  the  product  of  the  unbalance 
and  the  current  existing  in  the  conductors  of  the  circuit  as  a  group  at 
the  point  where  the  unbalance  occurs.  Outside  the  parallel  this  current 
is  proportional  to  the  voltage  to  ground ;  hence,  the  receiver  current,  in 
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t?as€  of  either  shunt  or  seriea  unbalance,  is  proportional  to  the  voltage 
of  the  circuit  to  grotind.  Thus  the  relative  impartance  of  units  of 
electric  and  magnetie  induction  in  causing  current  in  the  telephone 
receiver  may  be  aacertained  by  eomparlsg  the  voltages'to  ground,  due 
to  the  two  classes  of  induction,  at  points  where  unbalances  occur. 

The  relative  magnitudes  of  the  voltages  to  ground,  due  to  the  two 
types  of  induction,  vary  over  a  wide  range  with  frequency,  length  of 
line,  position  of  parallel  and  admittance  to  ground  of  terminal  appa- 
ratus. Apparatus  connected  between  the  sides  of  the  circuit  and  with- 
out appreciable  admittance  to  ground  will  usually  have  a  negligible 
effect  on  the  voltage  to  ground. 

Table  I  gives  the  relative  importance  of  units  of  longitudinal  electric 
and  magnetic  induction,  expressed  in  v«lt-miles  per  volt,  for  various 
frequencies  and  corresponding  to  several  lengths  and  types  of  line  in 
the  two  directions  from  the  parallel.  The  voltages  to  ground  upon 
which  the  ratios  are  based,  were  computed  from  the  equivalent  network 
shown  below: 

CD r — — OD 


The  electrically  induced  voltage  is  represented  by  a  fictitious  gen- 
■erator  having  an  open-circuit  voltage  E^  in  series  with  the  impedance  Zp 
and  connected  at  the  middle  of  the  parallel.  The  magnetically  induced 
"voltage  is  represented  by  two  generators,  each  having  an  open-circuit 
voltage  of  ^Ei  and  connected  in  aeries  with  the  impedances  Za  and  Zb- 
Za  and  Zb  are  the  impedances  of  the  lino  m  the  two  directions  from  the 
parallel.  Z^  is  the  open-cireuit  impedance 'of  the  section  of  line  within 
the  parallel. 

Since  the  attenuation  of  the  voltages  and  currents  along  the  line  is 
the  same,  whatever  their  source,  the  ratio  of  single-frequency  voltages 
to  ground  due  tx)  the  two  types  of  induction  at  any  point  along  the  line 
outside  the  limita  of  the  parallel  is  equal  to  the  ratio  of  the  correspond- 
ing voltages  to  ground  at  the  nearest  end  of  the  parallel.  This  ratio  is 
also  equal  to  the  ratio  of  the  currents  at  the  end  of  the  parallel,  pro- 
duced by  the  two  types  of  induction,  since  outside  the  limits  of  a  parallel 
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the  impedances  in  eircait  with  the  two  indnced  voltages  are  the  same. 
Thos,  the  ratio  of  receiver  curreate  due  to  loagitudinal  electric  and 
magnetic  induction  for  any  unbalance  within  the  section  of  line  "A"ia 
equal  to  the  ratio  of  the  corresponding  currents  to  ground  at  the  "A" 
end  of  the  parallel. 

In  deriving  the  following  formulas  it  is  assumed  that  Zp  is  large  com- 
pared to  Za  and  Zr,  wfaiofa  is  true  in  cases  of  short  parallels. 

Let  the  current  in  the  reeeiver  due  to  electric  induction  be  £«,  and  that 
due  to  magDetie  induction  be  It ;  then  for  an  unbalance  at  any  point  in 
section  of  line  "A" 

I,       E,       Zp 

-=— X~  (1) 

I.      E.      Zb 

and  for  an  unbalance  at  any  point  in  section  of  line  "B" 

Ii       E,      Z» 

-  =  -X-  (2) 

I,      E.      Za 

For  equal  receiver  currents  due  to  the  two  classes  of  indaction  when 
the  unbalance  is  in  section  "A" 

E,      Zp 

-  =  -  (3) 

E,       Zb 

But  Z[,  is,  for  short  parallels,  practically  inversely  proportional  to  the 
length  of  the  parallel.  Let  L  be  the  length  of  parallel  in  miles,  and 
Z'p  the  open-circuit  impedance  of  one  mile  of  line.  Substituting  in  (3) 
and  transposing, 

EJi      Z'p 

E,         Zb 
being  the  ratio  of  volt-miles  to  volts  to  cause  equal  receiver  currents  for 
imbalance  in  Section  "A." 

For  unbalance  in  Section  "B,"  Za  is  substituted  in  (4)  in  place  of  Zr. 

Equations  (3)  and  (4)  have  been  used  in  obtaining  the  ratios  of  volt- 
miles  to  volts  given  in  Table  I.  It  will  be  observed  that  the  ratios  differ 
greatly,  depending  upon  the  length  of  line,  characteristics  of  tenniaal 
apparatus  and  the  section  of  line  in  which  the  unbalance  occuia  In 
practice  unbalances  will  occur  in  both  sections  of  line.  .  Assnming,  u 
illustrative,  an  infinite  line  in  one  direction  from  tlie  parallel  and  ooe 
mile  of  cable  in  the  other,  with  eqnal  onbalaDces  in  each  seetitm  sot^ 
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that  their  effects  add  in  quadrature,  the  relative  importance  of  the  two 
types  of  induction  ia,  from  Table  I : 

Frequency;  cycles/sec 60        180         540         796 

Ratio ;  volt-miles/volt 214  86.6        32.5        24.2 


or  as  an  approximate  averse volt-miles  per  volt  where  i 

ratio  of  the  frequency  to  60  cycles. 


is  the 


Ratio  »f  Volt-MllMi 


TABLE  I. 
>  Volla  for  Equal  Receiver  Currenta  Ou*  to  Longitudinal  Induc- 
tion and  unbalance*  of  Telephone  CIroult. 


Ob 

^1.,^  1, 

AUdln 

nnbiUnc* 

•aHdla 

_ 

n-rwcT 

Ft-iBMer 

* 

1         • 

« 

wo 

». 

17 

M 

iw 

- 

TM 

Infinite  Una 

Infinite  Itne 

xe 

131 

41.7 

2M 

m 

121 

41.7 

285 

Inflslte  llns 

1  ml.  cable. 

19.3 

19.3 

19.3 

19.8 

ao2 

121 

41.7 

2&S 

Infinite  IIds 

Cable     and 

com- 

poslte  set 

712 

in 

2 

11.8 

SOB 

131 

41.7 

SS5 

400  ml.  line 

400  ml.  line 

8a4 

S84 

400  ml.  llnei 

1  ml.  cable. 

195 

38.4 

100  ml.  line 

100  ml.  line. 

39.7 

89.7 

100  ml.  line 

1  ml.  cable 

195 

BB.7 

65.7  ml.  Una 

65.7  ml,  line 

G6.S 

66.6 

65.7  ml.  Una 

1  ml.  cable 

19.8 

6S.S 

44.9  ml.  lln« 

44.9  ml.  line 

41.4 

41.4 

44.9  ml.  line 

1  ml.  cable. 

195 

41.4 

44.9  ml.  Una 

1    ml.    cable 

and 

composite  set 

IIJ 

69.9 

t  G40  cycles  per  aecond;  14.9  mllea.  at  TSt 

TranaverM  Voltages. 

The  equivalent  network  for  computing  the  receiver  cnrrenta  due  to 
the  transverse  induced  voltages  is  similar  to  that  shown  above,  the 
ground  being  replaced  by  the  other  conductor.  Zp,  Za  and  Zb  then  apply 
to  the  metallic-circuit  impedances,  for  the  section  of  line  within  the 
parallel  and  for  the  sections  of  line  outside  the  limits  of  the  parallel  in 
the  two  directions.  E,  and  Ei  are,  respectively,  the  differences  of  the 
induced  voltages  to  ground  and  along  the  conductors.  With  these  inter- 
pretations of  the  symbols,  formulas  3  and  4  above  given,  hold  also  for 
determining  the  relative  importance  of  unit  values  of  the  two  types  of 
induction  when  directly  affecting  metallic  circuits  as  well  as  when  indi- 
rectly affecting  them  through  their  unbalances. 
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Assuming  that  reflection  at  the  terminals  of  the  circuit  is  negUpble. 

the  line  impedances  in  th^  two  directions  from  the  parallel  are  the  same 

and  equal  to  the  charaeteristic  impedance  of  the  circuit  (Zo),  hence 

B,L      %\ 

E,        Zo 

This  formula  meets  very  well  the  condition  of  a  short  parallel  with  a 
long  section  of  telephone  line  in  each  direction  (or  where  means  are 
taken  to  eliminate  reflection),  and  has  been  uaed  in  obtaining  the  ratios 
of  transverse  volt-miles  to  transverse  volts,  for  equal  receiver  currents. 
given  in  Table  II,  for  a  number  of  frequencies  and  types  of  telepboat 
circuit. 

TABLE   M. 

Ratio  of  Volt-Mlloa  to  Volti  for  Equal  Racolvar  CumnU  Due  to  Tnnavarae  InducUwi 

In  TelBplionB  CIrcuiti. 


——-.___              FrwlwiKJ 

" 

m 

•9 

No.  12  N.  B.  S.  Physical 

174 

973 

46.6 

33.G 

No.  12  N.  B.  S.  Phantom 

18» 

K.S 

47.7 

34.(1 

No.  8  B.  W.  G.  Physical 

258 

131 

S1.3 

3S.4 

I 

No.  8  B.  W.  G.  Phantom 

282 

137 

51.4 

35.3 

Average   

226 

112 

49.3 

34£ 

1 

No.  12  N.  B.  S.  Physical 

133    . 

«.* 

16.7 

lU 

No.  12  N.  B.  S.  Phantom 

138 

49.1 

IS.6 

11.3 

No.  8  B.  W.  G.  Phyatcal.    .. 

13B 

47.7 

155 

lOi 

a 

No.  8  B.  W.  G.  Phantom 

HI 

4gX> 

16J) 

103 

137 

48.6 

16J 

where  n  is  the  ratio  of  the  frequency  to  60  cycles. 

Although  only  a  small  number  of  different  conditions,  regarding 
length  and  type  of  line,  type  of  terminal  apparatus  and  position  of 
parallel  which  may  occur  in  practice  have  been  considered  herein,  it  is 
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felt  that  the  values  given  for  the  relative  importance  of  the  volt  and  the 
volt-mile  are  fairly  representative. 

Respectfully  submitted. 

(Signed)     Livingston-  P.  Pbebis, 
Assistant  Field  Engineer. 
Attached  :    Appendix. 
Approved :  AuEDBt  SOi  1&17. 

(Signed)     B.  W.  Mastick, 

Field  Engineer. 

Approved :  August  24,  101 T. 

Subcommittee  on  Tests, 
(Signed)     J.  E.  ■Woodbridoe, 

Chairman. 

Joint  Committee  on  Induotivs  iNTrntPEBBNCE, 
(Signed)     Arthur  F.  Bsidqe, 

Secretary. 
August  24,  191T. 


Appendix. 

The  terms  "longitudinal"  and  "transverse,"  m  applied  to  indnced 
voltages,  have  been  used  since  the  beginning  of  the  work  of  the  com- 
mittee substantially  as  defined  bdow: 

"Longitudinal  Induced  Voltage" — Induced  voltage  from  con- 
ductors to  ground  (electric  induction)  or  along  the  conductors 
(magnetic  induction). 

"Transverse  Induced  Voltage" — The  difference  of  induced 
voltage  from  conductors  to  ground  (electric  induction)  or  differ- 
ence of  induced  voltages  along  two  conductors  or  group  of  con- 
ductors (magnetic  induction). 

It  is  recognized  that  such  use  of  the  adjectives  "longitudinal"  and 
"transverse"  is  not  in  accord  with  their  common  meanii^.  "Longi- 
tudinal" is  fairly  expressive  of  the  magnetically  induced  voltage  along 
a  circuit,  but  "transverse"  does  not  satisfactorily  express  the  differ- 
ence of  the  magnetically  induced  voltages  along  the  two  sides  of  a 
circuit.  On  the  other  hand,  "transverse"  is  fairly  expressive  of  the 
electrically  induced  voltage  either  between  two  conductors  or  from 
conductors  to  ground,  while  "longitudinal"  does  not  satisfactorily 
express  the  electrically  induced  voltage  from  conductors  to  ground. 

No  thoroughly  satisfactory  substitute  for  these  terms  has  been 
suggested  thus  far.  The  word  "differential"  is  perhaps  the  most  suit- 
able word  that  has  been  suggested  to  express  the  idea  involved  in 
"transverse,"  but  an  equally  suitable  word  has  not  been  suggested  to 
express  the  idea  involved  in  "longitudinal." 
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Introdaoticai. 

Interference  with  the  operation  of  a  communication  circuit  obvioosly 
results  when  the  extraneous  current  induced  in  the  circuit  is  of 
appreciable  magnitude  compared  to  the  current  used  in  the  normal 
operation  of  the  circuit,  and  of  approximately  the  same  rate  of  varia- 
tion, or  frequency.  The  detrimental  effect  increases  as  the  frequency 
approaches  the  normal  operating  frequency,  or  range  of  frequencies, 
of  the  communication  circuit. 

Telephone  circuits  employ  currents  having  frequencies  of  100  to 
4000  cycles  per  second,  SOO  cycles  (about  the  13th  harmoziic  of  60 
cycles)  being  an  approximate  average,  and  the  frequency  at  which 
telephone  apparatus  is  most  sensitive.  Consequently,  induction  result- 
ing from  the  higher  harmonics  of  the  voltages  and  eurreats  of  power 
aystems  is  most  important  in  caoeing  interference  to  telepbone  circuits. 

The  important  frequencies  of  the  current  used  in  the  operation  of 
telegraph  circuits  are  usually  less  than  300  cycles  per  second,  conse- 
quently induction  corresponding  to  the  fundamental  and  low  harmonics 
of  parallel  power  circuits  i&  most  important  in  causing  interference  to 
such  circuits. 

The  inflnence  of  wave-form  on  the  detrimental  effect  of  induction  is 
discussed  separately  for  the  two  types  of  communication  circuits. 

Effect  on  IndoctioD  in  Telephone  Circuits. 

Tests  to  determine  the  effect  of  extraneous  current  of  single  frequency 
on  the  intelligibility  of  telephone  conversation  were  carried  out  in  New 
York  by  the  American  Telephone  and  Telegraph  Company  at  the 
request  of  the  Joint  Committee.  A  report  was  rendered  in  December, 
1914,  giving  a  description  of  the  tests  and  the  results  obtained.*  The 
method  used  was  to  determine  the  decrease  in  the  efBciency  of  the 
circuit,  and  thus  the  increase  in  the  equivalent  length,  corresponding 
to  different  magnitudes  and  frequencies  of  extraneous  current  in  the 
receiver.  It  was  found  that  the  increase  in  the  equivalent  length  of 
the  circuit  is  practically  proportional  to  the  magnitude  of  the  current, 
for  the  range  investigated.     These  tests  did  not  include  the  determina- 

'For  diM  of  then  and  later  test*  we  "Reviinr  of  Work  of  SulKommittfC  on  Wne  Shipe 
Stindafd  of  the  Standard!  Commiitee''   (A.  I.  E.  E.),  by  H.  S.  Osborne,  Proc.  A.  I.   E.  E, 

[:.,q,:,7cdovGoO<^lc 


TECHNICAL  REPORT   NO.    71.  1109 

tian  of  the  resultant  eflEeet  of  a  complex  current  of  several  frequencies 
in  terms  of  the  efifoets  of  the  single-frequency  components,  but  as  a 
reasonable  approximation  it  is  assumed  that  the  resultant  detrimental 
effect  is  proportional  to  the  square  root  of  the  sum  of  the  squares  of 
the  separate  effects  of  the  several  single-frequency  components. 

For  constant  magnitudes  of  extraneous  current  it  was  found  that  the 
detrimental  effect  increases  very  rapidly  with  frequency;  nearly  as 
the  square  up  to  about  €00  cycles  per  second,  then  less  rapidly,  reaching 
a  maximum  at  about  800  cycles  per  second  and  then  decreasing  up  to 
1500  cycles,  which  was  the  extreme  frequency  considered  in  the  tests. 
The  variation  with  the  frequency  ia  shown,  by  curve- A  of  drawing 
No.  382  attached. 

In  determining  tiie  variatian  of  the  detrimental  effect  with  the  fre- 
quency of  tbe  volta^jes  and  currents  of  the  power  circuit,  it  is  necessary 
to  consider  also  the  variation  with  frequency  of  the  induced  voltage, 
the  induced  current,  and  tkt  stteniatio^  «£  the.ijulintad  oorrSBt 
between  the  parallel  and  the  receiver.  Tbe  variation  of  the  last  two 
named  will  depend  somewhat  upon  (he  length  and  type,  of  telephone 
circuit  and.  type,  of  terminal  apparatus. 

For  constant  magnitudes  of  tbe  power-circuit  vohages  and  citrreuts 
in  a  short  parallel,  the  electrically  induced  voltage  is  practically  inde- 
p^idejit  of  the  frequency  and  the  magnetically  induced  voltage  directl; 
proportional  to  the  frequenoy.  For  co^tant  magnitudes  of  induced 
voltage  it  may  be  assumed  that  tbe  induced  current  arising  from  elec- 
tric induction  is  approximately  directly  proportional  to  the  frequency 
and  that  arising  from  magnetic  induction  independent  of  the  frequency. 
Assuming  as  a  rough  approximation  that  tbe  attenuation  of  the  induced 
current  between  the  parallel  and  the  receiver  is  independent  of  the 
frequency,  tbe  induced  current  in  tbe  receiver  is,  in  both  cases,  approxi- 
mately directly  proportional  to  the'  frequency  of  t^e  inducing  voltages 
and  currents.  This  relation  is  shown  by  curve  B  of  drawing  No.  382. 
The  variation  of  the  detrimental  effect  with  frequency  of  the  power-  . 
circuit  voltages  and  currents  is  therefore  roughly  proportional  to  th« 
product  of  the  corresponding  ordinates  given  by  curves  A  and  B  on 
drawing  No.  382.  This  product,  shown  by  curve  C,  is  approximately 
proportional  to  tbe  cube  of  the  frequency  up  to  about  800  cycles  per 
second,  then  increases  less  rapidly  and  reaches  a  maximum  at  about 
1500  cycles. 

If  the  magnitudes  of  the  various  harmonics  of  tbe  power-circuit 
voltages  and  currents  at  the  parallel  be  known,  curve  G  furnishes  fli 
means  of  determining  the  detrimental  effect  as  compared  to  that  of  a 
pure  60-cycle  wave.  The  magnitudes  of  the  various  harmonics  are 
multiplied  by  the  corresponding  ordinates  of  curve  C.     These  products 
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are  combined  by  obtaining  the  square  root  of  the  sum  of  their  squares. 
Thia  eombination,  divided  by  the  effective  value  of  the  wave,  gives  its 
noiae-producing  power  as  compared  to  that  of  a  pure  60-cye\e  wave. 
This  quantity  may  be  called  a  wave-factor.  By  the  use  of  this  wave- 
factor  and  a  knowledge  of  the  length  and  eroas-aectional  dimensions, 
different  parallels  may  be  compared  and  their  relative  severities  deter- 
mined. The  noise-producing  power  may  also  be  expressed  as  that  of 
an  equivalent  single-frequency  wave,  having  the  same  magnitude  and 
detrimental  effect  as  those  of  the  actual  complex  wave. 

The  preceding  discosaion  shows  the  extreme  importance,  in  minimii- 
ing  induction  in  telephone  circuits,  that  the  voltage  and' enrrent  wave 
fonns  of  parallel  power  circuits  should  approximate  a  sine  wave  as 
closely  as  practicable.  Improvements  in  practice  in  this  respect  will 
materially  lessen  the  other  remedial  measures  necessary,  tinder  present 
conditions,  to  sdfflciently  limit  the  detrimental  effects  of  parallels. 

EffMt  on  iBdnetioit  in  Tdflgni^  OaMoitai 

Tests  were  carried  out  in  New  York,  jointly,  by  the  "Western  Uni<m 
Telegraph  Company, the  '  Postal  Telegraph-Cable  Company  and  the 
American  Telephone  and  Telegraph  Company  at  the  request  of  the 
Joint  Committee,  to  determine  the  detHmental  effect  of  single-frequency 
extraneous  currents  on  telegraph  transmission.  The  <i«ta  obtained  in 
this  investigation  were  transmitted  to  the  committee  in  a  report  dated 
September  14,  1916.  The  tests  were  made  with  currents  of  25,  60  and 
180  cycles  per  second.  The  method  tased  was  to  determine  the  maximum 
speed  of  operation  possible  with  various  values  of  extraneous  current, 
using- an  automatic  ti"ansmitter  and  Wheatstone  Tieeeiver.  The  reduc- 
tion in  maximum  speed  correspbnding  to  the  differeOt  ttragnitudea  and 
frequencies  of  the  extraneous  current  was  thus  deterroined.  The  testa 
were  ihade  on  an  artificial  line  designed  to  reprtsenta  406-mile  No.  12, 
N.'B.S.  G.  copper  open-wire  circnit. 

For  the  range  of  frequencies  investigated  the  detrimental  effect,  as 
measured  by  the  reduction  in  maximum  speed  of  Operation,  is  roughly 
inversely  proportional  to  the  frequency. 

To  determine  the  variation  in  the  detrimental  effect  with  the  fre- 
quency of  the  voltages  and  currents  of  a  parallel  power  circuit,  it  is 
necessary  to  consider  the  various  factors  which  connect  the  voltage 
and  current  of  the  power  circuit  and  the  resulting  current  in  the  tele- 
graph apparatus.  The  same  assumptions  and  approximations  made  in 
the  discussion  regarding  telepfaoue  circuits  apply  also  with  respect  to 
tel*^aph  circuits.  Thus  the  curreHt  in  the  telegraph  apparatus  is 
approximately  directly  proportionar  to  the  frequency  of  the  powe^ 
circuit  voltages  and  currents. 
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Sicoe  the  detrimental  effect  is  nearly  inveisely  proportiooal  to  the 
frequency  of  the  induced  current  and  the  induced  current  nearly 
directly  proportional  to  the  frequency  of  the  power-circuit  voltages 
and  currents,  the  detrimental  effect  is  nearly  independent  of  the  wave 
form  of  the  power-circuit  voltages  and  currents,  and  dependent  only 
on  their  effective  values.  As  a  rule,  tJiie  magnitudes  of  the  higher 
hanuQnics  are  amall  as  compared  to  the  fundamental  and  third  har- 
monic, and  their  effects  in  the  telegraph  circuit  are  correspondingly 
negligible. 

Wave-Fram  Standard. 

In  fixing  upon  a  standard  of  wave  shape,  the  aim  should  be  to 
restrict  departures  from,  a  pure  sine-wave  in  so  far  as  the  detrimental 
effects  occasioned  by  further  departure  justifies  the  cost  o£  avoidance,  all 
elements  of  the  problem  being  considered.  In  other  words,  the  wave, 
lorm  of  power  apparatus  should  be  improved  until  the  cost  of  effecting 
further  improvement  exceeds  the  benefit  gained.  This  presupposes  a 
measure  of  the  detrimental  effects  of  different  wave-fi^ms,  in  terms  of 
the  detrimental  effect  of  the  fundamental  sine-wave,  which  is  the  ideal 
to  be  approached.  Such  a  measure  of  relative  detrimental  effects, 
termed  a  wave-faotor,  requires  the  assignment  of  weights  to  the  differ^ 
ent  harmonics  present,  in  proportiim  to  their  individual  detrimental 
effects,  and  the  combination  of  the  weighted  values  of  the  harmonics 
in  the  same  manner  as  their  detrimental  effects  combine  to  give  the 
total  detrimental  effect  of  the  complex  wave.  The  relative  importance 
to  be  aaaigned  to  the  detrimental  effeeta  in  power  and  communication 
circuits  should  dep^id  on  the  relative  amounts  of  detriment  caused, 
which,  of  course,  can  oo-ly  be  roughly  estimated. 

The  present  standard  of  wave-form  of  the  American  Institute  of  £le&- 
trical  Engineers  and  the  method  of  detenslQing  the  departure  from  a 
pure  sine  wsve  are  admittedly  nosatiafactory,  in  that  the  diffureot 
harmonics  are  not  penalized  in  accordanee  with  their  detrimental 
effects  in  either  power  or  communication  circuits  or  a  properly  deter- 
mined resultant  based  on  the  effects  in  both  classes  of  circuits,  and 
because  the  actual  determination  of  the  rating  or  "deviation"  of  a  wave 
by  this  method  is  laborious  and  subject  to  considerable  error.  Further- 
more, the  "de\-iation"  of  a  wave  is  greatly  influenced  by  the  phase 
relations  of  the  different  harmonics,  whereas  the  total  detrimental 
effect  is  probably  little  influenced  by  thia  feature. 

The  Joint  Committee  has  no  data  concerning  the  variation  of  detrir 
mental  effect  in  power  circuits  with  frequency  or  the  relative  impor- 
tance to  be  assigned  to  the  detrimental  effeeta  in  power  and  communica- 
tion circuits.     Since  the  effects  of  the  higher  harmonics  on  telegraph 
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circuits  are  practically  oegligible,  the  enrve  of  variation  of  total  detri- 
mental effect  with  freqtiency  need  be  based  only  on  effects  in  power  sod 
telephone  circnits. 

Concerning  variation  with  frequency  of  detrimental  effects  in  tele- 
phone circuits  corve  C  on  drawing  No.  382  may  be  considered  to  apply 
to  wave  forms  of  the  power  circuits  at  the  parallel.  To  obtain  a  carve 
applicable  to  the  open-circuit  voltage  wave-form  of  rotating  machinery, 
requires  a  knowledge  of  the  relation  of  wave-form  at  no  load  to  that 
under  the  normal  operating  load,  the  resulting  current  wave-form  and 
the  distortion  of  voltage  and  current  wave-forms  between  the  machine 
and  the  parallel.  Little  information  is  available  C6nceming  these  fac- 
tors and  they  probably  vary  over  a  wide  range.  However,  for  the 
present,  it  ia  considered  permissible  to  neglect  them  and  to  assume  that 
curve  C  represents  the  variation  of  detrimental  effects  in  telephone 
circuits  with  frequency  of  the  harmonics  present  in  the  voltage  wave- 
torma  of  rotating  maehinety. 

Assuming  that  the  various  weights,  based  on  the  detrimental  effects 
of  the  different  harmonics  in  both  power  and  communication  eirenits, 
have  been  obtained,  it  is  necessary  to  determine  the  law  by  which  the 
weighted  magnitudes  of  the  different  harmonies  present  in  the  wave- 
form should  be  combined  in  order  to  properly  represent  the  a^^regate 
effect  of  all  the  harmonics.  As  previously  stated,  the  detrimental 
effects  of  several  harmonics  on  telephone  circuits  have  been  assmned  to 
combine  in  accordance  with  the  square  root  of  the  sum  of  the  squares 
of  the  individual  effects.  This  assnmption  is  probably  not  unreason- 
able in  reference  to  the  detrimental  effects  of  several  harmonies  on  a 
power  circuit.  Such  a  law  posaesaee  marked  advantages  in  permitting 
the  development  of  apparatus  for  quickly  and  accurately  determining 
wave-factors  by  experimental  means. 

Assuming  the  "root-eumttied-square"  law  of  combination  to  hold  and 
magnitudes  Mj,  Mj,  .  .  .  H,  and  weights  W^  (unity)  "W,  .  ,  .  W,.  the 
wave-faetor  may  be  expressed  ae  follows: 


Wave-factor=     |(M.)-' +  (W,M,)- +    .  .  .  +  (W,M„)'- 

To  compute  wave-factors  in  accordance  with  this  formula,  requires 
a  knowledge  of  the  magnitudes  of  the  different  harmonics  in  addition 
to  their  weights.  This  ia  a  laborious  process  since  an  analysis  of  the 
wave  into  its  constituent  harmonics  is  required.  It  may  be  arranged, 
by  the  use  of  a  network  of  admittances,  that  for  a  given  frequency  the 
reading  of  a  meter  in  one  branch  of  the  network  per  volt  across  the  net- 
work terminals  will  be  proportional  to  the  rating  applicable  to  this 
frequency.  Thus,  for  a  complex  wave,  the  reading  of  the  meter  per 
volt  across  the  terminals  of  the  network  will  be  proportional  to  the 
wave  factor.     Such  a  network  <lesigned  to  accord  with  the  frequency- 
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'weighting  curve  C  of  drawiDg  No.  382  was  described  in  a  diseussion 
before  tbe  Portland  CoDvention  of  the  A.  I.  E.  E.  in  September,  1916,* 

In  order  to  determine  proper  limiting  values  of  wave-factors  based 
upon  the  foregoing  principles,  to  be  used  as  standards,  the  wave-factors 
of  existing  machines  determined  in  accordance  with  this  method  should 
be  considered  together  with  the  cost  of  improvement  and  the  benefits 
to  be  derived. 

In  the  design  of  rotating  machinery  to  me6t  a  given  wave-form 
standard,  in  order  to  obtain  an  economical  solution,  it  is  necessary  to 
consider  both  the  frequency-weighting  curve  and  the  relative  costs  of 
reducing  the  various  harmonics  a  given  amount.  In  general,  the  cost 
of  a  farther  reduction  in  the  magnitude  of  a  given  harmonic  will 
increase  as  the  magnitude  of  the  harmonic  is  decreased.  Obviously, 
that  hannonie  should  be  reduced  which  will  give  the  largest  reduction 
in  the  wave-factor,  for  a  given  expenditure.  The  most  economical  solu- 
tion ia  reached  when  all  the  harmonics  have  such  magnitudes  that  the 
same  reduction  in  wave-factor  for  a  given  cost  is  obtainable  by  reducing 
any  one  harmonic.  At  this  point  the  magnitudes  of  the  various  har- 
monics are  directly  proportional  to  the  cost  of  a  unit  reduction  and 
inversely  proportional  to  the  square  of  the  weighting  (based  on  detri- 
mental effect).  Thus,  it  follows  that,  if  it  is  necessary  to  modify  a 
^ivea  design  so  as  to  retluee  the  wave-factor,  the  harmonics  to  be  reduced 
should  be  those  for  which  the  product  of  the  magnitude  and  square  of 
■weighting,  divided  by  the  cost  of  reduction,  is  greatest. 

It  will  be  apparent  that  the  discussion  here  given  is  based  -on  broad 
^assumptions  with  respect  to  factors  eonceming  which  information  is 
meager.  The  aim  has  been  to  present  an  outline  of  the  problem.  It 
is  recognized  that  much  study  is  necessary  in  order  to  determine  prac- 
tical wortung  data. 

Respectfully  submitted. 

(Signed)     Lwuxoston  P,  Peebis, 

Aasifltaat  Field  Kngineer. 

Attached  :   V.  I.  C.  Drawing  So.  382. 

Aptrovwl :  MigBat  20,  lUlT. 

(Signed)     R.  W.  M.vstick,     ' 

Approved :  AujuBt  24.  lOlT.  ..  Field  Engineer. 

: ,  .  SUBOOUMITTEE   ON   TeSTS, 

(Signed)     J.  E.  Woodmidqe, 

Chairman. 
Joint  Committee  on  Inductive  Interpbbencb 
(Signed)     Arthur  F.  Bridge, 
AoKOflt  24,  1917.  Secretary. 
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CONDITIONS  CONSTITUTING  A  PARALLEL. 

PREFACE. 

Exhibit  "A"  pKwnts  the  reiDlbi  of  an  attempt  to  set  forth  the  phjwical  relatisns 
of  power  ud  comnmnlcatioiiJineB  wtaicb  coastitate  patallelism.  This  eiliibit  was 
not  included  In  the  Final  R^Hirt  of  tbe  Joint  Committee  on  Indactive  luierference 
to  tbe  Railroad  CommiasioD,  owiog  to  tbe  Inability  of  tbe  committee  to  Troioe  to  an 
agreement  regarding  tbe  reaalts  coDtaioed  tbereini 

I'he  exhibit  ie,  howevei,  published  heie,  t<J|elbe^  with  other  work  of  the  Joint 
Committee,  with  the  apedGc  understaudiDg  that  the  results  as  set  forth  therein  are 
not  results  agreed  upon  by  the  Joint  Committee  on  Inductive  rnterference,  n^pre- 
senting  the  power  and  comnninkstioi)  Interesta  of  Calilomia  and  tbe  Itailroad  Com- 
luinian;  and,  torther,  that  the  Railroad  .CommiaBLon  takes  no  reapoOBibilitr  for  its 
contents.  It  ia  publiabed  mainly  for  tbe  purpose  of  placing  before  tbose  interested 
the  work  which  has  been  done,  and  to  indi<»te  a  method  of  attack  for  the  pmblem. 

The  curves  included  In  tbe  charts  of  tbe  eibibit  are  based  on  certaw  assumptions 
whlf±  hftTS  not  been  determiaed  at  ohecked  by  testft  by  the  Joint  .Committee.  Also. 
aa  pointed  out  In  the  exhibit,  jn  some  cases  .the  assomptions  underlying  the  curves 
will  Dot  even  approximately  represent  the  actuaV  conditions.' 

No  claim  is  made  Aat'  the  «ih}Mt  ia.  a  eomplelc  tftedyinitseUj  Isjt  mthei  it 
(tprearats  merely,  a  start  on  a  very  involved  and  complicated  subject.  Tests  checlilng 
the  theoretical  assu mpt ions ,  and  further  eitenaive  study  will  be  required  to  obtain 
.information,  that  will  be  'sufficiently  accurate  and  comprehenaSve  for  the  deduction  of 
genefnl  rales. 

It  moat:  be  botne  in  miad  that  before  flny  rule  Cbq  ba  set  down  stating  at  what 
point  a  condition  of  parnllelism  is  created,  it  Is  first  necessary  to  specifically  define 
[he  allowable  magnitude  of  extraneous  Induced  current  In  the  communication  circuit. 
'  Id  this  exhibit,  asaumpiionB  were -made  aa  ta  theilkiwable  BiagnUndeDf  ancb  cdrrent, 
Whieb  oan  not  be  xjoBsidered.  as  fina)  or,  a)itlHtritatj,ve.  Uoreover,.  the  allowable 
Indiiced  current  wilt  very  greatly  nqder  conditions  met  with  in  practice. 

In  view  of  these  consldemtiohs  this  document  can  not  be  (^commended  for  accept- 
ance except  as  a  preliminary  Btndy  and  a  gnide  to  tfaOR  undertakiDc  further  studiea 
of  this  natuia. 
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CONDITIONS  CON8TITUTINQ  A  PARALLEL.* 

The  several  factors  which  determine  the  inductive  effects  of  power 
circuits  on  com rntmi cation  eipduifa  vaty  over  an  exceedingly  wide  range 
mider  the  different  conditiooB  which  occur  in  practice.  These  factors 
include  not  only  the  physical  relations  between  the  two  classes  of  lines, 
which  are  known  in  any  particular  case,  but  filso  varioiis  properties  or 
characteristics  of  each  system,  some  of  which  are  usually  not  known 
even  approximately,  especially  in  cases  of  new  power  Hoes.  These 
oonsideratioQS,  together  with  the  complexity  of  the  relations  among 
these  various  factors,  make  it  impossible  to  formulate  an  accurate  and 
simple  definition  for  general  use,  'showing  joat  what  limiting  conditions 
of  proximity  between  the  two  classes  of  circuits  will  in  all  cases  produce 
interference. 

The  principal  factors  "which  affect  inductive  interference  are  enumer- 
ated below.  By  assigning  definite  values  to  some  of  these  factors,  the 
resulting  relationships  of  voltage,,  cun-ent,  configuration  of  power  cir- 
cuit, and  length  and  sep&ration  of  lines  in  the  section  of  proximity, 
corresponding  to  a  ^ven  amount  of  induction,  have  been  shown  in  the 
form  of  curves.  These  curves,  presented  herewith,  are  based  on  assumed 
values  of  these  factors  from  within  the  taage  of  the  correqwoding 
actual  values  commonly  occurring  in  practice.  They  can  be  used  as  an 
aid  in  determining  the  limiting  cwiditioas  of  parallelism,  it  being  under- 
stood that  Suitable  correction  should  be  made  wherever  information 
necessary  thecefor  is  available,  ao  that  the  result  reached  will  conform 
as  closely  as  possible  with  the  circumetances  of  the  individual  case. 

Unless  such  correction  is  made,  results  derived  from  the  curves  are 
not  even  approximately  correct  for  all  cases,  on  account  of  the  wide 
variation  in  magnitude  of  some  of  the  factors  for  which  it  has  been 
necessary  to  assume  constant  values.  However,  as  the  curves  have  been 
drawn  in  the  light  of  all  the  relevant  information  available,  it  is 
believed  that  in  general,  much  better  results  will  be  obtained  by  using 
them  as  a  guide,  even  where  no  specific  data  are  known  by  which  to 
make  allowance  for  local  conditions,  than  would  be  possible  by  the 
parties  concerned  following  their  unaided  judgment. 

•See  drdnltlon  of  "P&rallel".  pa«a  U. 
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The  cpmrnonly  known  factors  which  affect  the  magaitnde  of  indac- 
tioa  from  a  given  parallel  are : 

l-r-Len^bh  of  parallel. 
2— Sepiiration  of  lioee. 
S— Configuration  of  lines. 

4 — Normal  operating  voltages  and  currents  of  power  circnits; 
their  magnitades  and  f nndsmental  freqnency, ' 

'B«aid«8  these  the  fcdiowiug  factors  are  Juportaat  in  detenninifig  the 
magnitude  of  the  induction  and  the  resulting,  interforevce  with  tt^ 
openttioa  of  ctmuouBieation  circuits*  but  infomiatJon  «oneanviig  tbem 
is  gtiwmlly  iacking  in  Bpeeifiooasea  9nd  may  be^.  impw^ible  to  pecoie 
in,  case  of  new  eonatruatidn. 

5 — ^Magnitude  of  residual  voltage  and  current. 

6 — Wave-form  of  both  balanced  and  residual  voltages  and  currents, 
involving  the  magnitude  and  fre<]uency  of  all  harmonics. 

7 — ^Cnbalances  of  commnnication'bircuits;  their  character,  magni- 
tude and  loeation.  • 

&— Terminal  apfMratua  and  lengths  of  uaexpoBed  oommunioBtion 
line.  ,  -      . 

9 — Voltages  and  currents  of  power  circuits  under  abnormal  con- 
ditions. 

Tn  cdnmdering  the  Conditions  of  association  of  the  two  dSssefrOf  lines 
grVihg  iTse  to  interference,  allowance  Brnst  be  made  for'the  cdmnlative 
effect  of  a  number  of  parallels  along  the  same  commanication  line.' 

A  basic  element  of  the  conditions  eonstitnting  a  parallel  Is  the  amount 
of  extraneously  induced  curt-etft  in^tbe  receiving  lostrumenls  which 
will  produce  interference.  The  permissible  amount  of  ertraneona  cur- 
rent depends  upon  the  seiisitiveness  of  the  apparatus,  the  detriment 
caused,  the  importance  of  the  service  and  the  cost  of  remedial  tneamirea. 

lin  the  eas6  of  telephone  circuits,  particularly  imfportant  oircuHs  of 
such  length  that  the  itaargin  of  transmission  is  small,  it  is  assumed  that 
the  extraneously  induced  current  in  the  telephone  receivers  E^ould 
not  exceed,  in  nbise-produeing  value,  the- effect  of  10  mieroamperra 
tmillionths  of  an  ampere)  at  a  fretjiieney  of  240  cyrfefl  per  second.  On 
tinimportaiit  cir6uit6  and  where  there  Is  a  surplus  volume  of  transmis- 
.  siOD,  as  on  short-distance  cii-cuits;  current  somewhat  In  excess  of  the 
above  mentioned  limit' is  permissible. 

In  the  corrcspotj'ding  earf*  of  tel^rtph  circuits,  it  is  assumed  that 
the'  extraneously  induced  current  at  the  circuit  tcrminala  should  nrit 
exceed  2  milliamperes  (thoosandtla  of  kn  ampere)  at «  frequency ^ of '80 
(iycl'es  pbi-  sfecond,  tfr  it^  equi+alent  in  distiirhing  effect  it  any  other 
Creqnent!!;^  (1  millfampere  at  25  cyetes)  or  ctirabicfatioB  dffreqnetieieA. 
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employed,  somewhat  greater  extraneous  eu'.rentfi.^r^  permissible. 

The  curves  given  herein  are  intended  to  be  consistent  with  the  lore- 
going  assumptions  as  to  the  permissibly  amo^ts'iof '  elttpftlaeoiu  enncnt 
for  important  circuits,  though  it  is  not  feasible  b>  ^ablisl  a  definite 
and,.[>witivQ^relatlo]i8l|ip.,  The  ampuoto  ol  jiiduetion  upon  which  the 
curves  are  based  a8B4;^^«^the  iQppcWi^^P'^a  lof  tlie,  ^v^saj  disturbing  facton 
ordinarily  present;  balanced  and  residual  voltages  and  cnrrents,  and 
tkfe  '^ftitalaleitii?*  (iffeeC  dl'swenil  psraliefe  '<ft-  (twrage  Sbverity-  -along  the 
One  «AflmTMctiti«n'lin*.-'  '  '  ■ 

"  SAififtpSWillels  inv^liHg  interPereace  bflly  at  firoWiWhrai  the  powter  line 
lA'tn'  an  'abnormal  troadition:  -'Bnt'compat'ati-viely' fgw  of  the  rotes  apply 
to  such  parallels.  Moat  of  the  rules  apply  only  in  ettMof  puallelaivhich 
produce  interference  under  ;nprmaL  opqdjtions  pf  power  line  operation, 
F^tieh  AT*  termed^  £w:|)c^vit>;,  "j;«<^i(Utl  parallels.." 

^,..  Para|lali«ro  •■  Pet^fjninvd .,li^  Attn«rmal  Condition*  of  Power  pircuita. 
In  general  the  most  severe  induction,  .for  amy  given  nelstionship  of 
'powdr  dnd' tom^tmicatiofi  «ireai'b,'resiilfs  frdm  abaormal  oonditiims  on 
the  power  circuit.  Hence  the  q^uestiqn  of  whether  or  not  a  given  con- 
struction constitutes  a  parallel,  in  the  unrestricted  sense  of  the  term, 
will  ordinarily  be  determined  by  the  presence  or  absence  of  interference 
M  tinfteawheatl^fl -power, ciccuit  isjjjwwidsd  pr  othenwBe  in  an. abnormal 
ecFodition-and'thuB  will  be.  d«t^mine4.  whether  «ny  precautionary  meas- 
ures whatooeyei-  need  be  observed.  -  . 

Under  abnormal  eojoditiws  p«>w«r,  circuity.  g«B«rally  b^cpme  tuibal- 
,aneed  causing  Is^e  rmidual  voltages  a«id  currents  and  greatly  extending 
the  zone. of  possible  interfejrenoe.wit^  jipjghboinQg  «onimunioation  cir- 
euits.  Two  different  effects,  are  to  be  cQijtaldejred :  (I)  the  transi^t 
disturbance  at  the  instant  of  K>eGurrence,.  and  diacaa(innanoe  of  the 
iault,  which  m&y.  cause  hazardous  veUages  and  acoustic  shocks  to  tele- 
phone users;  and,  (£)  .the  steady  disturhaace  ivhie^  persists  after  the 
initial  trapaient  has  sulnided  and  continues  until  the  fault  is  cleared. 
Jjl  general  a  degree  of  aesociatiOQ  of  power  apd  communieatioa  circuits 
which  will  not  result  in  interf^wnca  from  the  induced  curcenU  and 
voltages  due  to  a  continuance , of  the  fault,  will  not  occasion  traosie&t 
voltagw  sufficient  to  operate  the  protective  devices  of  the  eommuitica- 
tion  circuits,  although  momentary  disturlHUices  may  be  noticeable. 
'  The  worst  onbalaaeesof  power  circuits  froin  the- standpoint  of  indue- 
tiyeinterfecenceB  usually  occur  when  one  eopductor  of  a  circuit  becomes 
:  grounded.  Sueh  a  ooudition.  frequently  does  npt  preclude  continued 
operation  of  power  circuits  whii^  are  aormaUy  isolated  from  ground. 
On  power  circuits  with  neutral,  grouifded  at  one  or  more  pointa,  an 
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accidental  ground  on  one  phase  UEually  interrupts  the  service.  On  the 
latter  type  of  system  the  open^cit'otiiting  of  one  condnctor  m^  be 
suffered  withflwt  diswurtiniuiflc^  of  ,thTee-i:(hwe  ^pryijCe  i(  both  supply 
and  receiving  stations  have  grounded  neutrals.  Under  such  conditit^ns 
a  residual  current  corres'ponding'to  tjie^'loacl  curreDt  Qf  tb'e  ojp^  pbAse, 
and  i^lder  some  (jircumsta'nces'a  residual' voj^e  egnal  to  fli^'n6riiial 
voltage  from  one  conductor  io  ground,  are  sei  yp.' 

No  chairts  are  given  for  parallelism  ais  aetennineU  %y  abnormal  itftM'eif 
crrcuft  couditibos,  bilk  it  may  te  assumed  that  such  paralleliBm  will  'hi 
brought  about  by  a  less  ciose'prosiniityof^  power  apd'cdrnmuni^tSon 
<:ircuit»  thari  Would  require  the  transpoaifi'onof  a  power  circuft  witfiiii 
a  parailel.'    (See  Charts  i,  2,  Sand'4):'       '       "  ''  "'"'   '"]' 


t  to  NDrma>  DaraUaft.  ' 


For  pHfsUela  of  th«' class  ktnawn  afl'^^^aoribbl  ptdraUeh^'  tber«  urc/to 
be  ooosideMd-tvo  diflereoteaaM  which  invftl^e  t^e  iKOMBity  lor  diffsr-' 
eBt'tem'ediiil'weasureB'/M'rfdHoieBri''  ■  ■  ^i,,, -■.■!■  ,  .  .    -    ■]-'.-.■■. m  ;;i-,;:v 

i.  powC'r-Circuit  Transposilioiis.  '  '  '   '      '   ' 

,'   The'  Deeessity   for  p6*er-'riircilif '  tr^nsjio^tiohs  in  'payillelfe  'ia 

■■  "  a^pefaderrt  lipoin  fWe  iti'agtiittuJe 'of 41116  S»^u<JfftSn''frtnn  Hie''b»]iii(!ed 
■roltagMiind  curvets  vmdeF^iiolrmal'0{ferating<i6iidiEiQnfl;  ..LaHome 

-  ^.itmses  :the  effpflta  lOf  the-bflJajic^d  yp't^g:^  ^^,.^^^^)^<^i>^jr  be 
.negligible  and  as  the.inductipo  js  tben  due  to.a.bnprnial  tEansients 
or  to  residuals  under  normal  operating  copdit^ous,  transposition  of 
the  power  circuit  is  unnecessary,  except  a^'-r^uiredby  TV  fey*.' ' 

2,  Control  of  ■Bf^si4wi9.^        ,,:.. 

.  Bjesiciual  volt-^es :  a^.d  currents  are  nouesseQtiar  to  power  cir- 

,  ^  cults,  and  have  relatively  large  indufetibn-jirpducing  powers  (which 
can  not  be  controlled  by  transpositions), 'heD6e' t^eyahonld' be 
limited  iti  ^  iar  Aa  is  ^jraeticable' and.  neqesnry  ito  prevent  int«i>- 
ferenee.-     ■■'■■,,,.". 

Ia  the  following,  th^se  two  cases  of  ijormal  parallelism  are  treated 
independeptly,  the  y^riQUS  conditions  calling  for  the  foregoing  remedial 
measures  being  given  by  the  curves  of  Charts  1  to  6.  On  account  of 
the  large  variations  in  yalue  of  the  factors  underl;5'ing  these  curves 
and  because  in  particular  eases  the  coaditions  respecting  interference 
may  be  different  fxom  those  herein  assumed,  the  curves  should  not 
always  be  followed  implicitly,  but  may  be  departed  from  in  cases  where 
they  iodioate  the  application  of  remedial  measures,  which  either  on  the 
one  band  are  insufficient,  or  on  the  other  hand  fire  unnecessarily  extreme, 
due  regard  being  given  to  the  costs  and  benefits  thereof. 
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Cms  I. 
C(mditions  Be^iriring  Pau'et-Circmi  Trwtsposilions, 

The  principal  object  of  traaspositioos  in  power  circuits  within  the 
limits  of  parallels,  is  to  cause  tlie  inductive  effects  due  to  balanced 
voltages  and  currents  of  tlie  power  circuity  to  neutralize  one  another  in 
neighboring  lengthy  of  the  communication  circuits,  thereby  reducing  tbe 
resultant  induced  voltages  between  the  communication  circuits  and 
ground.  It  is  assumed  herein  that  the  direct  inductive  effects  between 
the  sides  of  metallic  cooLmunication  circuit,  such  as  telephone  circuits, 
are  cared  for  by  the  transpositions  in  such  circuits,  although  in  some 
cases  it  might  be  more  economical  to  install  some  power-circuit  transpo- 
sitions for  this  t>UFpoae.  Tbt  '«oiDmimieiitio»^ireait  trsnspositiom. 
however,  do  aoi  reduee  th^  voltages  indOoed  between  oommunieation 
eireutts  and  ground,  whioh  produce  distapbanoes  beeause  of  unavoidable 
small  onbalances,  t.  e.,  inequalities  or  iwegularities  in  ceaistuiice,  iDdoe- 
tance,  capacitance  and  insulation  resistance  of  the  conuntmication 
Qircpit  wires.  In  those  parallels  where  the  length,  separation  and  other 
(CHidilnons  «^  such  that  tha  balanced  voltages  and  eurrenta  would  not 
cause  liiatertal  'indtictrve  effects,  it  is  (bmeeenazy  to  liwtall  power- 
cireuit  transpositions.  It  is  assumed  that  the  bdlancing  of  tbe  capaci- 
i/inces  of  the  power  conductors  to  earth,  as  provided  in  TV  (c)*  has  been 
•cared  for,  anij  accordingly,  that  function  of  powerTcireuit  transpoMtions 
is  not  considered  here. 

Charts  1,  2,  3. and  4  give  information,  concerning  the  length  of 
parallel,  horizontal  separation  of  lines,  configuration,  and  operating 
vrtltBge.iand  earreot  of  the  power  circuit,  which  ia  recommended  as  a 
guide  in  prediottogin-speoific  eases  whether -or. not  jower-circuit  trans- 
positions should  be  instaUed.  As  previously  stated,  these  charts  should 
not  be  followed  too  implicitly  without  making  appropriate  corrections 
for' each  specific  ease,  owing  to  the  large  variations  in  value  of  some 
of  the  important  basic  factors  which  influence  the  inductive  effects, 
particularly  the  wav^-forni.  The  actuareffeet  expeHenced  under  oper- 
ating co^dition3'  must  remain  the  determining  factor.  The  charts  are 
intended' to  indicate  the  advisability  of  transposing  the  powev  circuit  m 
the  .majority  of  cages  where  the  need  of  transpositioiis  may  be  in  doubt. 
'  Charts'  1  and  2'  apply  f(*r  parallels  inVoWng  telephone  lines  and 
Cba:rts'3  Wd  ^4  to' parallels  involving'telegraptHnes.  '  Chirts  1  and  3 
«r'e  bailed  upon  tbe'  inductive  effect  of  the'^lanced  voltages  while  2  and 
4  are  base.l  up6n  the  mductive'effeet' 'of  the'^balancedcnrretits.  '  The 
curves  of  the  charts  are  so  drawn  that  for  all  combinatipua  of  condifions 
indicated,  the  inductive  effects  on  the  communication  circuits  will  be 
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apptoxim&fely  coDstant.  In  detertBining  the  carves  sbown  6ii  the 
charts,  representative  blights  and  sizea  of  power  ooDdnctoFS  aiad  heigfata 
of  telephone  aad  telegntph  oonduetora  were  Usnined.  The  apaci^  of 
power  condiictora  typical  of  60'k'V'.  eircnlts  (abQQt  6  fe«t)  was  aSBaimed. 
As  the  inductiTe  effects  ofbalanced  voltage^  and  iSQn^Bts  are  approxi- 
mately  proportioDa)  to  the  power^onductor  apacing,  the  applioatigii«f 
these  curves  aifords  relatively  leas  proteetion  in  «aae8  of  parallels  involv- 
iog  power  lines  of  greater  condnctor  spacing  (oharacterigtic  of  h^^er 
voltage  lines)  which  are  more  difficult  to  transpose,  and  rirfatively  more 
protection  is  afforded  in  cases  of  lower  voltage  lines'  which  are  more 
easily  transposed. 

The  values  of  induction  per  parallel  taken  as  a  hams  of  the  onrves  are 
as  follows : 
For  telephone  Circvits. 

Due  to  Balanced  Voltages —    . 

Product  of  length  of  parallel,  in  miles,  and  induced  voltage  between 
conductors  and  ground,  in  volts,  equal  to  200  volt-miles. 
Due  to  Balanced  Currents—  ' 

Average  induced  voltage  along  conductors  equal  to  0:5  vdlt  «t 
.     6Q  cycles. 

For  Telegraph  Circuits. 

Due  to  BaJaaced  Voltagos — 
Product  of  length  of  parallel,  in  miles,  and  induced  voltage  between 
conductors  and  ground,  in  volts,  equal  to  300  volt-miles. 

Due  to  Balanced  Currents — 

Induced  voltage  along  the  conductors  equal  to  1  volt  at  60  cycles. 

The  above  values  of  induction  for  parallels  involving  telephone  eirauits 
are  based  on  the  assnmption  that  the  voltage  and  current  waves  of  the 
power  circuit  contain  hamtOnics  in  such  proportionB  ttsto  he  equivalent 
in  noise-producing  power  to  waves  of  about  140  and  160  cyal^,  respec- 
tively; or  about  20  and  30  times  as  detrimental  as  pure  '60-cycle  waves. 

When  applying  the  charts  the  effect*  of  the  voltages  and  eorrents 
should  be  separately  considered.  Transpositions  are  advisable  in  case 
either  the  prodnot  of  the  length  of  parallel  and  power-circnit  voltage  m 
the  product  of  the  length  of  parallel  and  power-circuit  current  exceeds 
the  value  given  by  the  appropriate  curve.  Abo,  if  btfth  products  are 
but  slightly  less  than  the  values  given  by  the  curvee,  transpositions  may 
be  advisable  since  tJie  indnetion  effects  of  the'twe  factors  are  liable  to  be 
more  or  less  additive. 

As  an  example  of  the  use  of  the  charts  let  it  be  assumed  that  a  pro- 
posed 22-kV.,  20-ampere,  60-cycle,  triangular  three-phase  circuit  will 
parallel  a  telephone  line  for  a  mile  and  three-quarters  at  a  separation 
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of  50  feet.  From  fke  cunre  ofGliftFtl  for  '  ^  Triaogular  "  power  circaiU 
U  u  foood  ttaat  the  product  of  the  power-circait  yoltige  and  the  length 
of  ftuaUel,  oorrespoDduig  to  ft  borizontAl  s^paratioB  of  50  feet,  is  9i 
kiUwoltanilw.  Dividing  thishy  22  (the  given  value  of  power-circnit 
voltftge  expresaed  in  kilovolts  between  cDnductoni)  the  permissible 
nntnuuiposed  length  is  found  to  Iw  1-5  miles,  ofmsiderin^  only  the  effect 
of  the  balanced  voltage*.  Prom  the  curve  of  Chart  2  for  "Triangular" 
power  cirouits,.  it  i»  found  that  the  product  of  the  power-circuit  current 
and  length  of  parallel,  eorresponding  to  a  horizontal  separation  of  50 
feat  is  42  ampere-miles.  Dividing  this  by  20  (the  given  value  of  power- 
circuit  current  expressed  in  amperes  per  phase)  the  permisaible  nntraiis- 
posod  length  ia  fotiud  to  be  2.1  milas,  ccrasideriug  only  the  effect  of  the 
balanced  currents.  Hence,  in  this  aastimed  case  the  transposition  of  the 
power  circuit  is  advisable,  for  the  permisaible  untransposed  length  fixed 
by  the  balanced  voltages,  which  in  this  case  predominate,  is  less  than  the 
length  of  the  proposed  parallel.  Other  conditions  remaining  the  same, 
it  would  be  unnecessary  to  transpose  the  power  circuit  if  the  length  of 
parallel  could  be  made  less  than  a  mile  and  a  half,  or  if  the  separation 
could  be  increased  to  60  feet  or  more. 

While  Charts  1,  2,  3  and  4  have  been  designed  particularly  for  three- 
phase  power  circuits,  they  may  also  be  used  as  rough  guides  to  judge 
the  necessity  of  transpositions  in  single-phase  and  two-phase  circuits. 

Where  a  power  line  carries  two  or  more  circuits  the  charts  (based  on 
a  single-circuit  power  line)  may  fee  used  as  rough  guides  but  care  should 
be  taken,  as  provided  in  IV  (b)"  and  discussed  in  the  exhibitt,  to  fix  the 
phase  relations  among  the  several  circuits  by  interconnection  or  othei^ 
wise  so  as  to  minimize  the  intensity  of  the  induction  in  parallel  com- 
munication circuits.  If  this  is  not  done,  the  inductive  effeets  of  the 
several  power  cireuits  may  be  cumulative  and  trangpoeitiona  may  be 
needed,  though  not  so  indicated  by  the  charts. 

For  parallds  of  25  or  5D-eyele  power  circuits  and  telephone  lines  the 
values  of  the  product  of  the  power-circuit  voltage  or  current  and  length 
of  parallel  should  be  taken  as  3  or  1.25  times,  respectively,  the  eorre- 
sponding  values  as  shown  by  Charts  1  and  2,  which  are  designed  pri- 
marily for  60-eycle  power  circuits.  For  parallels  involving  telegraph 
circuits  and  25  or  50-cycle  power  circuits,  the  corves  of  Charts  3  and 
4  apply  without  correction. 

In  cases  where  a  parallel  includes  portions  at  widely  different  sepa- 
rations, it  is  not  permissible  to  use  the  arithmetical  average  separation, 
but  the  leuglh  of  each  part  of  the  parallel  at  approximately  muform 
separation  ^ould  be  calculated  as  a  fraction  of  the  permissible  length 

'Hecotn mended  Uules,  Daee  46. 
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.at  that  separation.    If  the  sum  of  these  several  fraetions  exceeds  unity, 
power-circuit  transpositions  are  advisable. 

In  determining  the  scheme  of  trsnspoaitionB  that  afaould  be  employed 
where  so«h  are  called  for  ^>y  the  charts,  the  severity  of  the  parallel 
must  of  course  be  considered.  The  curres  given  her6  are  based  on  the 
assumption  that  for  any  given  horisontal  separation  and  configuration, 
the  products  of  length  of  parallel  and  the  power-circuit  voltage  and 
current  are  liuIioeB  of  severity.  Hence  the  ratios  of  the  actual  kilovolt- 
miles  and  ampere-miles  of  the  parallel  to  the  corresponding  values 
shown  by  the  appropriate  curves  for  the  given  horizontal  separation, 
shonld  he  eonsidE^ed  in  judging  the  amount  of  tran^Ktsing  which  >s 
jnatifled. 
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CHMT     1 

COWiriOHS  CALUt^G   FOR   POWER -QRCUIT  TRANSPOSITIOHS 
R»RAaELS  OF  M-CTOi  THWE-PHASe  POWER  UNES  AND  TELEPHONE  tW£3 

Where  the  product  of  the  voltage  betujem  pourer  coTidudOra  (in  kilouottsj 
OudtheUngthofpai^lUtlinmlUsj  sxwMstlw  value  giueii  ty  tlw  npprOTriate 

for  effefl  cT  bdonced  i^TTSTits 

Thrae  curves  m  t<  be  opplud  u  desenM  ui  IZ-d  «ul  ut  Hw  trd 
of  ExtUiit  A. 
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CHART     2 

CONDITIONS  CALUN6  FOR  POWER-CIRCUrt  TRANSPOSITIONS 
PARALLELS  OF  60-CYCLE  THREE-PHASE  POWER  LINES  AND  TILEPHONE  LINES 

,     men  the  prod-Mt  <f  the  i««wr-cimtrt  eurrnit  per  ^hase  (m  ompmsj  and  the  Imfiti 
df  fKiraUeUin  miles)  exceeds  tite  value  olwn  byttw  approjinQte  curve,  power- circuit  tmtis- 
positions  will  ordmartly  U  advisable.Sie  aUo  Cimrl  i  for  effect  or  bdauMd  voltages . 
These  CUTWS  are  to  be  appW  «  described  in  Hi  and  in  the  tol  rf  Exhibit  A. 
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CONDITIONS  CAaiNG  FOR  POWCT-CIRCUIT  TRANSPOSITIONS 
PARALLELS  OF  60-CYCLE  THREE-PHASE  POWER  UNES  AND  TELEGRAPH  UNES 

Where  Ih«  produtt  of  the  vol^  Wween  T«we?  «i"(iuttOT3  im  k-IcTOVtsi             f 
and  Om  UTtgOt  </  pamlltl  [ra  nillES,  ei^ceefls  Hie  vily  gvusn  ty  ilw  orproprufe              j 

for  effett  orbdlaTtced  cur«ife. 

Tkese  curves  are  to  be  applied  ae,  descnted  inE-d  atid  la  tlw  tent 
ofExhlbliA.                                                                                                               1 
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1 

C0NDITM3NS  CALLING  FOR  PCWER-CIRCUIT  TRANSPOSITIONS 
PARALLELS  OF  60-CVCLE  THREE-PHASE  POWER  LINES  AND  TELEGRAPH  UNE5 

Where  the  product  of  Bie  power-cirailt  aimat  per  phase  (in  anperes)  and  the  length 
rfparollel  [in  miles)  exceeds  the  value  qiwnD/theapproprioTe  qm.power-nrcutttrans- 
posttions  wOl  ordmnW  be  advisable.  See  also  Cliort  3  (or  effed  of  balanced  uoUtt^w 

these  cuTues  ure  to  be  applied  os  described  in.  H-d  and  in  the  &xt  of  Exhibit  A 
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Cass  U. 
Control  of  Residualt* 

The  chief  causes  of  residual  voltages  acd  cnrrents  are:  (1)  nneqnal 
capacitances  and  conductances  of  the  several  conductors  to  gronnd, 
(2)  load  and  transformer  unbalances  to  neutral,  and  (3)  cyclic  varia- 
tion of  permeability  of  transformer  iron.  The  last  two  causes  are 
concerned  only  with  circuits  having  grounded  neutrals,  vfhile  the  first 
mentioned  cause  gives  rise  to  residual  voltages  and  currents  in  both 
isolated  and  grounded-neutral  circuits, 

Residual  voltages  and  currents  which  arise  from  unbalances,  (1)  and 
(2)  above,  contain  the  same  harmonics  as  those  present  in  the  balanced 
voltages  and  currents,  though  of  different  relative  magnitudes.  The 
variation  of  permeability  of  transformer  iron,  in  star-connected  three- 
phase  systems  with  neutral  grounded,  introduces  a  series  of  harmonic 
residuals,  odd  multiples  of  three  times  the  fundamental  frequency. 
Generators  with  star-connected  windings  may,  under  some  conditions, 
introduce  residuals  of  the  latter  type. 

Charts  5  and  6  abnw  the  relation  of  length  of  parallel,  horizontal 
separation  of  power  and  communication  lines,  and  the  amounts  of 
residual  voltage  or  residual  current  which,  together  with  the  induction 
from  balanced  voltages  and  currents,  the  cumulative  effect  of  other 
parallels  and  the  other  conditions  herein  assomed,  will  ordiuarily  result 
in  interference.  In  ease  of  long  parallels  at  highway  separations,  it 
may  be  diflGcult,  under  conditions  of  present  practice,  to  reduce  the 
residuals  to  the  values  indicated,  particularly  for  parallels  of  groonded- 
neutral  power  circuits  and  telephone  circuits.  When  such  cases  are 
proposed  the  parties  concerned  should  carefully  consider  whether  the 
values  given  by  the  curves  are  properly  applicable  under  the  circnm- 
stances,  and  if  some  departure  from  these  values  is  considered  justifi- 
able, they  should  eo-operate  in  dt'termining  the  most  feasible  and  eco- 
nomical means  of  reducing,  as  far  as  practicable,  the  interference  which 
may  arise. 

Because  of  the  difficulties  in  evaluating  the  harmonics,  the  limits  are 
expressed  in  terms  of  the  resultant  effective  value  (as  measured  by  a 
meter)  of  all  frequencies  present  in  the  residuals  and  are  chosen  with 
regard  to  wave-forms  of  residuals  that  have  been  observed  and  are 
assumed  to  take  into  account  the  conditions  ordinarily  enconntered  in 
practice.  Large  variations  of  wave-forms  are  to  be  expected.  If  in 
specific  cases  definite  information  concemii^  the  wave-form  is  available, 
it  should  be  taken  into  account,  and  appropriate  corrections  made  to  the 
values  determined  from  the  curves. 
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The  valaes  gvren  are  independent  of  tihe  trperoting  voltage,  line  «iBr- 
rent  and  configuration  of  the  power  citcuit. 

Though  primarily  for  60-cydle  power  circuits,  Charts  5  and  6  may  be 
used  to  determine  corresponding  values  of  residnal  voltage  and  current 
for  25-  and  50-cyele  power  circuits.  For  parallels  involving  telegraph 
lines  the  values  obtained  from  the  charts  apply  wittiout  correction.  For 
parallels  involving  telephone  lines  the  values  for  25  and  50-eycle  power 
circuits  are,  respectively,  3  times  and  1.25  times  the  correspOBding 
60-cyele  value  as  determined  from  the  charts. 
Residual  Voltage. 

Chart  5  shows  the  relation  of,  (1)  the  average  permissible  reddnal 
voltage  within  a  parallel  in  volts,  (2)  the  length  of  parallel  in  miles, 
afld  (3)  the  horizontal  separation  of  power  and  communication  lines 
in  feet.  This  chart  applies  to  parallels  involving  either  a  telephone  or 
telegraph  line,  a  curve  being  given  for  each.  The  curve  for  parallels 
involving  telephone'  lines  is  based  On  a  value  of  the  product  of  the 
length  of  parallel  aud  the  induced  voltage  between  the  conductors  and 
ground  of  150  volt-miles ;  assuming  a  residual  voltage  wave  of  the  power 
circuit  containing  harmotiics  in  such  proportions  as  to  be  equivalent  in 
noise-producing'  power  to  a  wave  of  about  200  cycles  per  second,  or 
about  50  to  60  times  as  detrimental  as  a  pure  OO-cycle  wave.  The  curve 
for  parallels  involving  telegraph  lines  is  based  on  a  value  of  300  volt- 
miles. 

The  curves  represent  the  relations  obtaining  with  heights  sf  power 
and  communication  conductors,  configuration  and  aize  of  power  con- 
ductors, typical  of  ordinary  practice. 

The  values  of  residual  voltage  determined  from  Chart  5  apply  to  both 
grounded-neutral  and  isolated  power  circuits.  Grounded-neutral  cir- 
cuits meeting  the  values  of  residual  current  determined  from  Chart  6 
will  in  general  meet  the  residual  voltage  limits. 

As  an  example  of  the  use  of  Chart  5,  let  it  be  assumed  that  it  is  pro- 
posed to  parallel  a  telephone  line  for  10  miles  at  a  separation  of  60  feet. 
Prom  the  chart  it  is  found  that  the  value  of  the  product  of  length  of 
parallel  and  residual  voltage  corresponding  to  a  horizontal  separation 
of  60  feet  is  6  kilovolt-miles.  Dividing  by  10,  the  given  length  of  par- 
allel, the  residual  voltage  permissible  under  the  conditions  assumed  is 
found  to  be  600  volts  (effective  value). 

Residual  Current. 

Chart  C  shows  the  relation  of,  (1)  the  average  pennissible  residual 
current  in  amperes,  (2)  length  of  parallel  in  miles,  and  (3)  horizontal 
separation  in  feet.  Two  curves  are  given,  one  applying  to  parallels 
involving  telephone  lines  and  the  other  to  parallels  involving  telegraph 
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lines.  In  both  cases  the  curves  apply  to  power  circuits  having  grounded 
neutrals.  No  curve  is  given  for  power  circuits  isolated  from  groiud. 
Hs  the  effect  of  residual,  current  io  such  circuits  will  usually  be  mill 
in  somparison  with  that  of  residual  voltage,  unless  two-wire  branchtc 
or  extremely  ioag  barrels  are  employed  in  the  power  circuit.  The  curve 
for  parallels  involving  telephone  circuits  is  based  on  an  induced  voltage 
along  the  conductors  of  0.20  volt  at  60  cycles.  It  is  assumed  thit  the 
residual  current,  which  actually  contains  components  of  several  f^^ 
quencies  in  proportion  differing  greatly  in  different  cases,  is  eqiiiraient. 
in  respect  to  noise-producing  power,  to  a  single-frequency  eurrent  of 
about  270  cycles,  at  which  frequency  the  induced  voltage  corresponding 
to  the  curve  is  0.9  volt.  Experience  has  shown  that  residual  curreDtt 
oometimcB  have  much  greater  detrimental  effects  (on  telephone  ctrcuite) 
than  the  detrimental  effect  here  assumed,  which  is  about  125  times  Ihit 
of.  pure  60-eycle  current.  The  curve  for  parallels  involving  tel^raph 
circuits  is  based  upon  a  value  of  1  volt  at  60  cycles. 

Ab  an  example  of  the  use  of  Chart  6,  assume  that  it  proposed  to 
parallel  a  telephone  line  for  two  miles  at  a  separation  of  60  feet  villi 
a  star-connected  grounded-neutral  power  circuit.  Prom  the  chart  it  is 
found  that  the  value  of  residual  ampere-miles  corresponding  to  a  hori- 
zontal separation  of  60  feet  is  0.75.  Dividing  this  by  2,  the  given  length 
of  parallel  in  miles,  the  residual  current  permissible  under  the  eondi- 
tions  assumed  is  found  to  be  0.37  ampere  (effective  value). 
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COMMENTS  ON   EXHIBIT  V. 

Thia  exhibit  has  been  prepared  to  meet,  as  well' . 
demand  for  a  specific  statement  of  the  conditions  whiv 
parallel  a^  deSned  in  tl  (f ) .    Based  on  certain  assmiiptioaii 
of  the  variable  factors,  there  are  given,  in  the  form  of  chK. 
retations  of  voltage,  cnrrent,  and  configuration  of  the  power  ciK 
length  of  parallel  construction,  separation  of  lines  and  tj'pe  of  eom- 
mnnication  circuit,  which  define  approximately  under  the  given  assump- 
tions two  of  the  most  important  conditions  of  parallelism:   (1)   the 
conditions  calling  for  power-circuit  transpositions  within  the  parallel 
and  (2)  the  conditions  calling  for  limitation  of  residual  voltages  and 
currents.     An  effort  was  also  made  to  include  charts  defining'  in  a  sim- 
ilar manner  the  relations  of  power  and  eomunication  circuits  Which 
would  produce  interference  when  the  power  circuit  is  in  an  abnormal 
condition,  but  owing  to  the  greater  complexity  of  this  case  and  the 
difficulties  encountered  in  reaching  satisfactory  conclusions,  this  idea 
waa  finally  abandoned. 

In  preparing  the  charts,  the  relationships  of  power-circuit  voltages 
or  currents  and  the  voltage  induced  in  a  parallel  communication  circuit, 
were  obtained  from  technical  report  No.  65,  choosing  representative 
dimensions  of  lines.  The  amounts  of  indnction  assumed  as  the  basis 
of  the  different  curves  are  such  as  would  be  obtained  with  circuits 
isolated  and  open-circuited  within  the  parallel.  This  is  a  definite  and 
convenient  condition  of  reference  for  which  results  are  most  readily 
obtained  either  by  computations  or  experiment.  However,  these 
amounts  of  induction  were  not  chosen  without  dne  consideration  and 
allowance  for  the  mutual  shielding  effects  which  occur  under  operating 
conditions  with  a  number  of  circuits  on  the  same  pole-line. 

The  inductive  effect  of  a  given  parallel  is  made  up  of  the  feom- 
ponent  effects  of  balanced  and  residual  voltages  and  currents.  These 
component  effects,  in  case  of  both  telephone  and  telegraph  circuits 
are  assumed,  as  an  average  approximation,  to  combine  as  the  arpiare 
root  of  the  sum  of  their  squares.  Separate  charts  are  dewrted  to  each 
of  the  above  factors.  In  case  of  telephone  circuit*"! 'the  residuals  are 
permitted  somewhat  larger  effects  than  tt«  "balanced  components 
because  the  residuals  are  the  more  diffiff***  to  control.  This  may  not  be 
apparent  from  a  comparison  of  the  amounts  of  induction  in  the  corre- 
sponding cases,  without  tafcing  into  account  the  more  detrimental 
wave-forms  of  the  rt-Wual  voltages  and  currents. 

In  general  VAwanee  must  be  made  for  the  cumulative  effect  of  a 
number  o'  parallels  distributed  more  or  less  irregularly  aloQg  the 
caouaunication  line.     The  effects  of  different  parallels  along  the  same 
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line  are  not  directly  additive  and  it  has  been  assonied,  aa  a 
^^^^Oable  average  &M>r(nimfttieD,  Oiat  the  nsaltBOt  effect  of  a  nnmber 
I  of  parallels  is  equal  to  the  square  root  of  the  Bum  of  tbe  squares  of 
the  individual  eCeeta.  This  assumption,  together  with  a  consideration 
of  the  attenuation  of  the  high-frequency  induced  currents,  makes  it 
unnecessary  to  assume  a  specific  number  of  paralleU  affecting  the 
telephone  line,  in  view  of  the  prepondering  influence  of  the  few 
parallels  nearest  a  terminal  and  the  lack  of  exactitude  involved  in  the 
other  assumptions.  For  telegraph  circuits  the  conditions  are  somewhat 
different.  The  attenuation  of  the  important  induced  currents  is  leas, 
because  of  their  lower  frequency;  also  for  a  considerable  nnmber  of 
parallels  the  compoDeut  effects  would  be  directly  additive  at  frequent 
intervals. 

As  stated  in  the  exhibit  and  elsewhere  in  this  report,  the  wave-forms 
of  the  voltages  and  currents  of  the  power  circuit  have  an  enormous 
influence  on  the  magnitude  of  the  disturbance  produced  in  telephone 
circuits.  In  ordinary  practice,  wave-forms  have  widely  different  detri- 
mental effects,  and  it  is  particularly  difficult  to  determine  representative 
values  for  this  factor,  "Were  the  wave  factor  easily  obtainable  in 
specific  cases,  it  would  probably  be  better  to  treat  this  factor  on  the 
charts  as  a  variable.  Possibly  future  developments  of  the  art  may 
make  such  a  method  practicable. 

The  condition  of  telephone  circuits  with  respect  to  unbalance,  which 
is  resultant  of  an  exceedingly  large  number  of  small  distributed  irregu- 
larities and  inequalities  of  the  electrical  constants  of  the  two  sides  of  the 
circuits,  has  a  direct  bearing  on  the  allowable  amount  of  induction 
in  the  telephone  conductors  with  reference  to  ground,  the  resulting  dis- 
turbance being  directly  proportional  to  both  the  induction  and  the 
unbalance.  This  relationship  of  uubalance,  induction  and  resulting 
noise  has  not  been  experimentally  investigated  by  this  Committee  so  as 
to  determine  how  much  noise  would  be  caused  in  the  receiver  of  a  well 
balanced  telephone  circuit  by  one  volt  magnetic  induction,  for  example, 
or  100  volt-miles  electric  induction,  between  the  telephone  conductors 
and  ground.  On  this  point,  the  Committee  has  been  guided  lai^ely  by 
the  estimates  and  experience  of  telephone  engineers,  who,  however,  have 
not  made  a  thorough  study  of  this  complex  problem.  In  the  case  of 
(grounded)  telegraph  circuits,  the  unbalance  is  of  coarse  100  per  cent, 
and  does  .not  enter  to  complicate  the  problem  of  determining  the 
relationship  of  induced  voltage  and  disturbing  current  in  the  terminal 
apparatus  of  the  circuit. ,  Before  setting  the  limits  of  induction  for 
telegraph  circuits  this  subject  was  investigated  by  the  Committee,  the 
results  being,  given  in  part  in  technical  report  No.  69. 
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Experience  with  the  application  of  these  charts  and  further  infornia* 
tion,  particularly  concerning  the  wave-form  of  power  circuits  and  the 
iicbEilance  of  telephone  circuits,  may  indicate  the  desirabBity  of  modi- 
fication of  this  exhibit  at  Bome  future  time.  To  be  of  value  as  a  guide  to 
-sneh  modification,  however,  this  experience  must  extend  over  a  con- 
siderable period,  and  include  a  sufBeient  number  of  cases  to  indicate  the 
'general  results  of  applying  the  limits  herein  suggested  under  represen- 
tative conditions,  to  lines  involved  in  parallels. 
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NOTES  CONCERNING  ALTERNATIVE  FORMS  OF  CHARTS  1,  2,  3  AND  4. 

Cliarte  1,  2,  3  and  4  in  their  alternative  form,  (piTen  herewith,  differ 
from  the  corresponding  charts  of  the  foregoing  draft  o£  Bshibit  A,  in 
that  on  each  chart  a  table  of  correction  factors  1b  given  to  take  account 
of  the  variation  in  the  spacing  of  the  conductors  of  power  circuits. 

The  charts  in  E:xhibit  A,  based. on  a  spacing  of  about  6  feet  between 
adjacent  conductors,  make  no  allowance  for  variations  of  indnctioD 
with  variations  of  spacing,  which  cover  a  very  wide  range  in  practice. 
The  reason  for  this  omission  was  to  compensate  for  the  relative  difficul- 
ties of  transposing  lines  of  diflferent  voltages  and  for  simplicity. 

If  the  fuH  effect  of  spacing  were  allowed  for,  the  charts  wonld  call 
for  transpositions  on  the  basis  of  approximately  the  same  amoont  of 
induction,  irrespective  of  the  relative  difficulties  of  reducing  this  induc- 
tion by  transpositions.     This,  of  course,  is  undesirable. 

The  correction  factors  of  the  alternative  charts  give  resnits  inter- 
mediate with  respect  to  these  extremes. 

If  these  alternative  charts  are  used,  the  following  changes  should  be 
made  in  the  text  of  Exhibit  A : 

For  last  sentence  of  third  paragraph  of  Case  I,  substitute  the 
following : 

"The  inductive  effects  of  balanced  voltages  and  currents  are 
approximately  proportional  to  the  power-conductor  spaeiug.  On 
the  other  hand,  the  difficulty  of  transposing  power  coaductOTB 
increases  with  the  voltage  and  hence  with  the  spacing  of  the  con- 
ductors. The  correction  factors  on  the  charts,  for  variations  of 
power-conductor  spacing,  give  weight  of  both  to  these  considera- 
tions, being  proportional  to  the  square-root  of  the  power-conductor 
spacing.  The  application  of  these  curves,  with  the  given  correction 
factors,  affords  relatively  less  protection  in  cases  of  paralleU 
involving  power  lines  of  greater  conductor-spacing,  which  are  more 
difficult  to  transpose,  and  relatively  more  protection  in  cases  of 
lower  voltage  lines  which  are  more  easily  transposed," 

For  sixth  paragraph  of  Case  I,  giving  an  example  of  the  use  of  tiie 
charts,  substitute  the  following: 

"Aa  an  example  of  the  use  of  the  charts,  let  it  be  assumed  that 
a  proposed  three-phase  22-kV.,  20-ampere,  60-cycle  equilaiersl 
triangular  power  circuit  with  3-foot  conductor-spacing,  will  par- 
allel a  telephone  line  for  2.5  miles  at  a  separation  of  50  feet.  Prom 
the  curve  of  Chart  1  for  '  Triangular '  power  circuits  it  is  found  that 
the  product  of  the  power-circuit  voltage  and  length  of  paralld, 
corresponding  to  a  horizontal  separation  of  50  feet,  is  34  Hlovolt- 
miles.  Multiplying  by  1.4,  the  correction  factor  far  3-foot  spacioEr! 
and  dividing  by  22  (the  given  value  of  power-cirnuit  voltags 
expressed  in  kilovolts  between  conductors)  the  permissible  unti*"- 


TBCHNICAI.  SBPOBT  MO.   Jl.  Jjg^ 

posed  length  is  found  to  be  2.2  inilea,  considering  only  the  effect  of 
the  balanced  voltages.  From  the  curve  of  Chart  3  for  'Triangular' 
power  eircnits,  it  is  found  that  the  [ffodnct  of  the  power-circuit 
current  and  l^igth  of  parallel,  corresponding  to  s  horizontal  sepa- 
ration of  50  feet,  is  i2  ampere-miles.  Multiplying  by  1.4,  the  cor- 
rection factor  for  3-foot  spacing,  and  dividing  by  20  (the  given 
value  of  power-circuit  current  expressed  in  amperes  per  phase)  the 
permissible  untranspoaed  length  is  found  to  be  2.9  miles,  consider- 
ing only  the  effect  of  the  balanced  currents.  Heuce,  in  this 
assumed  case,  the  transposition  of  the  power  circuit  is  advisable, 
BiBce  the  permissible  nntransposed  length  fixed  by  the  balanced 
voltages,  which  in  this  case  predominate,  is  less  than  the  length  of 
the  proposed  parallel.  Other  conditions  remaining  the  same,  it 
would  be  unnecessary  to  transpose  the  power  circuit  if  the  length 
of  parallel  could  be  reduced  to  two  miles  or  leas  or  if  the  separation 
could  be  increased  to  60  feet  or  more." 
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INDUCTIVK  IKTBRTESaSSCB. 


COHWnONS  CAUJMG  FOR  POWER -CWCIHT  TRAMSPOStTIONS 

RARMIELS  OF  60-CYCl£  THHEE-PHASE  POWER  UNE5  AMD  TELEPHONE  UNE5 

Where  fte  \rniuA  of  the  ucUoge  bdu««ii  poiwr  ctmdudbrs  {iti  lalmratta 
ndtht  Ur^  of  pcmillel  (in  nitlcU  axceedstlie  value  gtyeu  byHieappni*-*^'^' 
curve,  pomr-drcuU  transposUunts  will  ordinarily  be  aainsaiAi  See  wo  0 
ftr  md  a  balanced  currents 
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TBSCHNlCAti   HJBPOHT  NO.    71. 


CONDITIONS  CALLING  FW  POWER-CIRCUIT  TRANSPOSITIONS 
PARALLELS  OF  60-CYCLE  THREE-PHASE  POWER  LINES  AND  TELEPHONE  LINES 


;i  OF  BALANCED  CUBRENTS 


.  -!i  u^!  ^^*  ^™^  "^  the  powr-circuit  cumrt  per  phase  (in  ampeTCs)  and  llic  tcnclti 

itwrns  wai  ordv^anly  k  odvisible.See  also  Chart  i  for  effect  of  financed  voltoQes 

Thfse  curves  are  to  be  applied  as  described  in  ltd  ond  in  the  Text  of  Exhibit  A 
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C»«T     3      11 

CONDITIONS  CALLrNG  FOR  POWER-ORCUIT  TRANSPOSITIONS 
PARALLELS  OF  60-CYCLE  THREE-PHASE  POWER  LINES  AND  TELEGRAPH  UNES 

Where  the  produd  of  Sie  voltage  berween  power  conductors  (in  kilovotts) 
atidfte  length  ofpamlleUinmllra)  exceeds  the  value  giusnbyBie  apprqpnate 
curw,  power-eifcuit  trQTBposiUoHS  will  ordinxirUy  be  advisable. See  dso  Ciarfa 
for  <ffea  of  bdawed  currents 

,       These  curves  are  to  be  opjiied  as  described  inE-d  and  w  the  teid 
v  Exhibit  A. 
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TECHNICAL   REa-OKT   NO.    11. 


CKAST     4 

CONDriONS  CALUNG  FOR  PCWER- C1BCUIT  TRftNSPOSITIONS 
PARALLELS  OF  60-CVCLE  THREE-PHASE  POWER  LINES  AND  TELEGRAPH  UNE5 

EFFECT  OF  BAUNCCD  CURRENTS 

Where  flie  prwlud  of  the  power-arcult  current  per  phaw  (in  amperre)  and  the  Utioth 
(fpQToUel(lnina«)  exceeds tl«  wiUiejwmlytlwaponHmabeurwpoiffir-cimiittrQTis- 
posoums  wilt  DTduuiTily  it  aduisone.  5w  also  Quirr  3  for  mta  of  palonced  voltages 

Ttiese  curves  are  lo  be  applied  as  descrtbed  ia  Et-i  aiul  in  Oie  M  of  Exhibit  A 
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TOPICAL -INDEX. 


9  iDcidenUl  nferenoei  to  duuij  toiucs  wstteTed  Uuouxh  Um  repon* 
make  it  undealrHble  to  give  page  references  for  all.  AccoTdinflri  >li  "ucb  cases  onir 
the  principal  references  liKve  been  given  epcifically.  Wbere  a  Bubject  is  lefexred  to 
often  througbont  a  report,  reference  i»  here  made  to  the  flrat  page.  It  b  Tecotn- 
mended  tbat  the  iadividual  tables  of  contents  accompanying  many  of  the  reports  be 
made  use  of  wbere  this  bas  been  done.  It  ehoold  Olao  be  noted  tkat  the  discunlon 
of  a  given  topic  extends  through  several  pages  following  the  reference,  glren. 

ABBREVIATIONS,  list  o 


ABNORMAI,  CONDITIONa 

discussion  oC : M,  S»,  lfl«,  1 


twin -circuit  line 


s  relatlne  to, 81,  Si.  5t,  «7-efl,  96,  110 

..^ gjg 

L  Conditions. 


.sclllograpli   20S.  iSi 

potential  coefllelent  computation 144 

iJotentlal   transformers  198,  4SS.  463 

prodelermfnation  of  Imnsformer  harmonica 491,  495.  488 

residual  voltage  meomirements 4!9,  *B» 

resonant    shunt    208,  210 

ADMITTANCE.     Bee.  oi»0.  CAPACtTANCE. 


esldual  voll^ie  computation 


cause  of  residuals .464,  B42 

effect  of  transpositions  on 1018 

measurements  of !0T,  3B0 


clrc 


telephone   circuits 

ALTERNATING  CURRENT*  WAVES,  hann 
AliVISO  SUBSTATION.      Bee  Pout  Uarion. 
AMERICAN  INSTITUTE   OF  ELECTRICAL  ENOINBBRS. 
discussliHis  by  J.  C.  I.  1,. 


wave-form    standard   — SB,  I«.  94. 1 

fBRICA"  •—=•"»"— ^"o    •••"  ™.~^=.n^i  fi-^«n.«= 

tele™ 
telepbc 


Paul  electrodynamometer  - 

rules  relating  to 

ANALYSIS,  h 


e  RiSONANT  Analtiis. 


APPARATUS. 

for  communication  lines,  rules  relating  ti 
for  power  lines,  rules  relatinc  to 


a  J.  C.  L  I.  tests.. 


,glc 


APPARENT  RESIDUAL  CURIIB»JT.     Bte  Rmddai.  Cdsbcht. 

APPARBNT  RBUDUAL  YOUTAOB.     Sm  RMaiBVU,  Trtutiiam. 

ARC  CIRCUIT  INDUCTION. 

Salinas 

rules  relatlne  to , 

ARC  RECTIF-IBB,  MSRCURT.     Bta  SaawiTam. 

ARKESTERS,  EI^CTROLTTIC  LIGHTNING. 


AUTO -TRANSFORMERS,  Salinas  ^ 
"   J,  oiao,  TiUNBroBUiKa. 


..61,  BS.  «T.  68,  S<,  SB,  III. 
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AUXILIART  t'raNSFORMEr'  BANK  San  Fernando. 


AVOIDANCE  OP  PARALLELISM,  rules 4S.  fii.  8).  10S.  I 

BALANCEJ  OF   COMMUNICATION   CIRCUITS.     See   COmmuhicaTion   Cmcum. 


I,    RESIDUALB    and  UHBAI.A1IC*. 


See,  alto.  Th-bphokb  CmcDiTB. 


Induction    due 


BALANCED  VOLTAOBS. 

daflnltliMl  ~Z''Z"I~ZZZ 

Induotlon  due  to 


BANTA.   1 

BARRELS,  DOwer-clrcult. 

"'!,  alaOj  PovcB  Cmcuir  Tramspositionb. 


OBEf  aaOj  cuvrmtt  kJutt^uTT  ^iiiAi^iipoBrrioHH 
ooordl  nation  with  telephone  transpositions, 
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lethods  of   [nstalltng 


phHBP-chanBP  efferts 294,  lOJt 

rules    relating    to , , 47,  S4,  91.  91. 1«» 


maenetlxatlon  of  Iron, 


BIG  CBEKK,  Coast  Counties  Gas  and  Bleotrle  Co,, 

BLOCK  SIGNAL  CIRCUITS" 'tests' of "ettect'orlnducoin'w 

BRIDGE.  imDedancc.     Set  lupmANO. 

CABLES,   rules  relating  to _ 

Calculations,    see  computations. 

CALCULATING  MACHINE,  torms  (or  uae  Wlth.^ 

CALIBRATION. 

oBclUoKraph 


CALIFORNIA  RAILROAD  COMMISSION. 
See,  at«o.  General  OttitmB  No.  39  and 
■    1   of   J.C.I.  I 


Information    for 


of  San  Fernando- SomI 


CAPACITANCB  UNBALANCE).     See,  alto,  AdmrtaNCb  UiibaI^N<3. 
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CAPACITY.  eleclroBlaUc     Bee  CAF^ctTAMCB. 
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D  Sam  Fkahcibco  Powbb  Coupamt. 


COEFF-ICIKNTS  OF  CAPACITY   (Maxwell) ,.. 

tTOEFFJClENTS  OF  INDUCTION   ("' ' 

COILS. 


..U,  81,  8»,  107 


COMPUT  ATI  ON  S, 

capacitance  coetBcli 


direct    eapeoltajKVB    —33!.  JSB 


See,  aim.  AdmhtaKcb  Undalamob. 


CONDTTCTION    llirough  common   ground  conneeCiona ^p »86. 119,  421 

CONDUCTORS. 

conflguratlon.     See  ConfiOOATION. 
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DEFINITIONS 

«9,  4« 

effect   on   Induction 

DIRECT  ADMITTANCE      See  ADMTTTANCa,  Dni«CT. 
DIRECT  CAPACITANCE.      See  Cafacitaiicb,  Disbct. 

DIRECT-CURRENT  CIRCUITS,  rules  relatilit:  to 

DISCONTINUITIES    In    exposure 

dAHnltlon    


transposition  i 


DOUBLE- CIRCUIT  LINGS,     flee,  atao.  Twin  CoicOit. 
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Ban  Jose-GIIroy IMI 

Santa   Crum-Wataonvllle _!«>,  l«l 

EXTRANEOUS  CURRENT.      8eg,  aito,  NOUB. 

amount   neceaaary   to  c)Lu*e   Interference lUT.llM 

analyBls   . in 

oacllloBraph 111 

resonant    shunt    „       111 

detrimental     (requenciee . : IHS 

effect  on  telesraph  apparatus' 1-J IB,  iH,  !I9.  IIM,  n't 

TUjTER,  wave,  nae  with  resonant  shoht JH 

TLAT  HORIZONTAL.  CONFTOU RATION,     *«  OOWMmnUTMOW.  HoftnoMTU 

arUMRItlCAL. 

BO-UX  DBNSITT  in  transtormer  Iron 1!1.«1 

FLUX   WAVBB   In   trHnstormen ^ tTI 

FORMS, 

for    computations „ S)[,(i; 

(or  recording  data ilf 

FORUULAS. 


wlrtta  to  BTOUtld 


conduction,   mutual   

coupled    clrcutta    

Impedance  bridges 

Impedance  of  llnea 

effect  on   Induction 

within   parallels   — 


alanced  voltage  freq 


unbalanced  exponure  _ 


■t  of  Induction 


power  circuit   ; "' 

range  of  oscillograph v— :. IJ* 

.     range  of  resonant  shunt '-• 

range  of  telegraph  transmlsMon Hi.llM 

range  ot  telephone  tranamtsslon 1«,117,11« 

range  of  Vreetend   osclHatOT. .— 111 

triple-     Sea  Harmonicb,  Tbipia 

PUSES,  rule   ---1" ' --   --  "  "■" 

OENBRAL  ORDER  No.  J9    (C^lfom 


QE3NERAL  ORSer'NoT  6S  •(C^Itomla  Railroad  Con 


ileslgn  and  conatruct 

enacting  clause -- 

exiHtlhg  parallels i.-i — _ 

:  Information  for  Commission ... 

. .  location  of  llnea---- — 

'  operation  and  inatntenancp- - -_-- 

other  cases  *>f  Inductive  tnterrerpnce 

-principle  of  least  cost 

i  saying  clause  _ — — ; — ; 


OBNBaA.TOR. 


m,  rule*  relating  to B«,  efl,  it4,  HI,  116 


EAST  PAHALLBL  - 


OROUNU  CONNECTIONS,  ( 
GROUND. 

equivalent  depth  of.     Bee  Eouivaimbt  Obound-pi^kb. 

. .    ^..    , _...,.._. _ _ __SeT,  143 

„ .,1.114 

effect  of  location  of S61 

effect  on  parallel  telephone  circuit* lil,  a5« 

effect  on  residual  voltHge*  and  currenta SE3 

modification  of  effecla  due  to  contact  resistance SB4 

theoretical    treatment SBT.  S64 

GROUND-RESISTANCE,    mutual    conduction __         4S0 

San    Fernando    tesu SB! 

OROUND-WmEl 

~ n  parallel  c 


1  residual   voltago— 


GROUNDED  CAPACITY S34 

OROUNDED  NEUTRAL.     Set  NBnTRiL,  QRODNDMt. 

GROUNDED  SINGLE-PHASE  CIRCUITS,  rales  relAtlnK  to.., 47,(5.110 

GUADALUPE  SUBSTATION.     See  Fort  MaBion. 
MARUONICa 

analysis  of  a.e.  waves 109 

standard  forms  for ES5 

Coast  Counties  Gas  and  Blectrlc  CompBii;  Bystem 142.  14E 

effect  of  nun  density  fn  transformers  Ml 181.  4«9 

Vrea,  In  delta  clrculatlnB  ovrrwit £41.  484 

See,  alao.  DouBLi  Frbqubnct. 
Influence  on   dftrlmental  effect  of  Induction 

In  telegraph  circuits M,  IDS.  118.  1110 

In  telephone  "  * ■" 


line  vollsKes  and  currents.  Salinas. 


reduction.  In  power  ctrcuKB ■ 

residuals      Bee,   al»o.    HABUONica.   TalPU. 

appare 


nlles    relatbig-  t 
trajiaformatlon  of  _ 


1  magnetic  density — 


effect  of  line  characteristics  on 4g9 

effect   of  transformer  connections  on _ 177.  a5!,"36a,~469,  6B0 

effects  on  accuracy  of  current  transformers 231,244 

effects  on  accuracy  of  potential  transformers i IBB.  1S«.  439.  449 

reduction    of    _ __ BO.  6«.  94,  4TJ.  49«,  531 

tratisformer  Impedances  to SBl 

vartatlons  of — 143 

HEIGHT  OF  CONDUCTORS. 

effect  on  coefficients  of  Induction ■ : \^  883 

effect  on  residual  vottage : B77 

HISTORY  OF  JOINT  COUMITTBE  ON  INDUCTIVB  INTBRFERHNCE 24,  lOS 


lallona  of  induction- 

of  potential  coefficients — 


;,  Gooi^Ic 


IMPEDANCE. 

bridge   ..- _ 

eltect  of   unbalances 

equivalent,  of  transformera 

Inaerted  in  delta  at  transfonners.  effect  at— 


inutual 

grounded  circuits 

transverse  Induction   - 


effect  ot  ahleldlng- 


I.   Son  Fernando.- 


amounc  allowable 

coefflcientB   

computation    

open-circuit   


INDUCBD  VOLT-MlLBa 


I,  San  Famaado- *i 

168.  171.  »e.411,4I 


1    computations,    short    section,    Sma 


compulations    . 


,  „. „...     See  CONnotJRATMM, 

t  ot  depth  of  (fround-plane 163,  *M,  SSJ,  W* 

I   of   ground-wires ;•: HW 

t  of  low  Insulation _ In 

t  of  length  ot  lines 18T.  1»» 

t  of  locStlon   ot  parallel -.. . , IMt 

t  ot  sag  ot  conductors <-* 

t  ot  sepaiatlon 


IJisT.'tsi.  ii»*.  no 


formulas  - 


effect  of  cross- sectional  dimensions  of  parallel . — . 


variation  with  frwiuanw j— ,,  ,,„ 

factors  affecting  magnitude  axid  intenally  ot-— ,-.—.. 1 "'"li 

InHueDoe  of  wave-form  <vi.detrJiq«Bta>  effect , ..,-, —       llM 

longitudinal    -— i ■ J" 

■■   cause  of  transverse  Induction ■ j ,-, IM 

coetdclenta,  San  Fernando ST7,aM.*» 

comparison  of  electric  and  ma^netlc^ — -^-^'.--^.^ _«— .— _-,^_.—       IIW 


INDUCTION— Continued. 

Paob. 

211.  2i8.IiB 

lraiiBver»e.     Sea.  alto.  Noibb. 

389, 110 

deflnlUon     

2M.  1107 

effect  of  low  limulatlon _ 

;:::::::::::!?'Ll--'il!l 

INDUCTIVE  INTERFERBNCK 

INSTRUMENT    fRANSFORMERS"      6ee    CORIBNT    *NI>    PotsNtlu,    TrXnb-' 

djsuLation.' 

JSSiSSSSIJi^fo^N^^''^'^      8e/^T*..%P.-™-.  ■ 

In  maenetic  clrcuita 

IB.  276, 180.374.  Ml 

— 88* 

,.,.p5=,s,sr"- 

JOINT  COMMITTEE  ON  INDUCTIVB  INTEHFEaiBNCB 

»f:f± „. 

iLinu  LJiTt.      aec  mxroisvBK  ISO.  6, 

.ds.Goo>^Ic 


cH,  relation  to  realduala tit 

rent,    loc&tloD    or 71.98 

,  rules  relaUnit  to 4*.  63,  9« 


Impedance,      See  lupm 
iBOl&Ied 

effect  at  accldenU 


Set  NKUTiuu 

o  construct <S,  •!.  U 

Mug  to ^ _BI.  B8,  »7 

monlc - MS.  4tf.  BIO 


...-lereBl*    47S.  4S1 

MAGNETIC  DENSITY  IN  TRANSFOBMBRS.     S«  BUaNRISATION. 

MAGNETIC   FLUX   WAVES l. 47» 

MAGNETIC  HARDNESS  OF  IRON (K 

MAGNETIC  INDUCTION.      See  Induction,  MAONmc 

MAGNETIZATION    (of   Iron).. _ _.J.- IS!.  4(* 

blblloKraph}'    S9t 

curvee  - 4S! 

formulas 491 

luinnonlcs  due  to (8.  4H 

Instrumenc  transformerB.  errors  due  to 19f,  t:2,  ZSl 

residuals,  due  lo SI.  4(> 

MAGNETIZING  CURRENT  at  transrormera 47«.  491 


MAGNETOMOTIVE  FORCE  In  transformers 4« 

MAONIPlCATION  of  harmonics.     See   Distobtton  CiBcurr. 

MAINTENANCE,   rules  relating  to... __S1.»8.»I 

MANTBCA  SUBSTATION,  u  source  of  triple  tiarmonici MI,  5«5,»t 

MEASUREMENTS. 

capBclly  unbalance (97 


a  Oas  and  Electric  Company  system.. 


eoeffldent,  ..  

at   San   Fernando i. 177,  !g».  *J» 

fiomparlson  with  computatlone ' ; ISi.  4*1 

conductance  unbalance IC7 

current   transformers  I3» 

depth  of  ground  plane IBS.  SAl.  SSt,  412 

direct  admittance  unt>alance >B0 

double- frequency   phenomena   E5! 

ear,  with  reeonant  shunt 11* 

effective  values  of  Induction ISO 

equivalent  admittances  of  lines .. 84(1,  3(1 

exciting  admittance  of  transformer 443 

forma  for  recording 6SS 

harmonics  of  power  circuits 14!.  145 

oscillograph   --* 

resonant  shunt !1« 

Impedance    , ISS,  lil 

mutual    396 

Induction.     S< 
neutral  curre 


B  of  oscillogrrams 

1  transformers 

Ircuit  voltages  and  currents — 


.ds.Gooi^Ic 


Paos. 

traJiBformaHon  ratio,  by  reaonatit  shunt 

21«.  219 

MORGAN  HILL. 

MOTORS  (synchronous). 
barmonlcs  al 

rulea  relaclnE  to  wave  form  or 

50,  «<,  94,  III.  lis 

Nkuthal  cruRRENT. 

NOTICE  OF  PROPOSED   CONSTRUCTION -^. 

„46.  «a,  89, 108 

W5 

OSCILLOGRAPH. 

.., M2.  210 

03css?a 

p«i/iS'S;rAffi'#iE'&*o''sg5",iVT"*''"''"°'"- 

to  dealgnate 
144,  640 

r..M™i.-— -—-—-.-— 

640,  US 

.ds.Goo>^Ic 


San  Fernando  tests iSi.  3S4.  3TT,  38L  410,  43*.  4t9,  it*.  Sit 

PACIFIC  TBLBFHONB  AND  TSOjBOKKPH  COMPANY,  THE. 

parallels    ITS.lin 

transpositions    111 

PARALiBl* 

See  KXPOSDBI.  '       ..    ^  .      .. 

■   ■■  ui 

1  of  residuals 

power  transpositions  required 

cumutaUve  effect  of  several 

deflnlUon    

pxlstlns.  rules  relatUiK  to 


Ballnae-north ]0« 

Sallnas-Soledad    nm 

Ban  remando.     Bee  San  FIKnakdo. 


S.- 


4<.  »•.  Ill,  III 

'.BLISM. 

UwKys.  rules  reUtlnB  to 70.  91.  lit,  US 


4S.  tt.  St.  m.  lit 

—  IM 


PBBMEUBIUTT  OF  IRON  IN  TRANSFORMERS,  vftrlatlon  in.   a  ct 

residuals •»•.!•• 

PHANTOM  TELEPHONE  CIRCUlTa 

coefficients  of  induction <U 

conductor  arrangements t'J 

horliontal  pole-pair,  unbalances Hl» 

more  noisy  than  physical  circuits ? l*S 

PHASE-CHANQB  along  circuits _ 1««.  1«J 

due  to  transpositions : tl.  IKf 

PORT  MARION  SUBSTATION    CGuadalupeJ,  residuals Hl,64i 

POSTAL   TBLEORAPH-CABLE   COUPANT,    testa   of  detrimental   elTecU  at 

'  ilenraph  Induction 77.  m.lH,llW 


double  clreuUsVJ'."_"."1.._Z."— 1 VJi,Ji—Zl I ZZ «« 

a  coetncientsl a6,  l« 


residuals  voittHje'irrrrrrr..  ~irri"rr"ririi"ii"iiirrirm.isi.  at. «» 


0  determine  accuracy 


conflguratUm   . 


definition    

double  frequency 

ground- wires    . 


effect  of  accldi 
residuals  of  _ 

location    

tow- vol  tags,  rules 


■/.Gpoi^Ic 


charactertBtlo    ISa,  SIT,  286.  SSS 

ocldaotttl  KTound  on  line 353 

^DundlDK  neutral  at  Salinas  on ZOl 


traiLspoalUona.     3ee,  alio,  Eixpoatiiu^  Lbnoth  or  1Jmbai.ai«oh>,  and  T>am*- 


ordlnauan  with  telephone  transpoaltlonB 


..it,  91.  lOB,  110, 113.  £«4. 1 


on  lonKttuiUnai  Induction 


Map&- Sonoma.   . 


parallels  reaulrlns  _ 


twin   circuits  _._ GS,  1081 

types  of lOJT,  107» 

POWER  COUPANIBS.  8ee  Coast  CouNTms  Oas  and  Elkctric  CoMPANt. 
CoABT  VAU.rTS  Gab  and  ElLacmic  Coupant,  Orhat  WisTmit  Powbi 
Cdufant.  Pacitic  Qab  and  EuaiBic  Coupant,  Pacitic  Ijoht  and 
Powra  Corporation,  Sibrra  and  San  E^ancisco  Powm  Comfant. 

PO'WER  COMPANY  TELEPHONE  SYSTEMS 1081 

POWER  LINE.     Bee  Powne  Circcit. 

POWER  STBTEM.      See  Pawn  CincniT. 

POWER  TRANSPOSITIONS.     Sea  POWBR 

PRINCIPLES.  GUIDINQ,  for  prevention  o: 

PROPAGATION  CONSTANT,  grounded  c 


erterence  from 

70,08,111,11? 


RECTIFIER,  mercury  arc. 

harmonics   due    W ItS 

tiiles  relating  to Kl.  >S 

REFERENCES.      See   BiBLiootLAPHIBL 

REFLECTION,  effect  on  residual  voltage 2i0 

RESIDUAL  CAPACITANCE ZB» 

RESIDUAL  CURRENT. 

apparent 281,  i!T.  241 


grounded  pha<e  on  norma 

twln-clrcult  line _ 

Coast  Counties  Gas  and  Eiec 
constant-current  lighting  clrc 
definition  of  


a  line  unbalance 


Padflc  Gas  and  Electric  Company 648 

Pacific  Lldit  and  Power  Corporation 662 

rules  relating  to 50,  86.  96,  108,  113 

Salinas  test*  of - ISB,  lit,  MS 

Sierra  and  San  Francisco  Power  Company 64! 

tests  proposed   IIB.  140 

triple  harmonic  ' 

effect  of  auxUlary  transformers  on 530 

effect  of  line  characterisUcs  on -- ■— . 252,  469 

effect  of  transformer  connections  on^_ : ■ 262,520 

effect  of  transformer  magnetisation  on lj .K>,  449 

effect  of  transformer  untuUances  on 487,  6S1,  6SS 


;,  Gooi^Ic 


RESIDUAL  VOLTAGE. 


effect  of  ground-wire  o 


twln^^ltcult  Hne> iS,  SSO,  34* 

two- con  clue  tor  circuit 371 

Coast  Counties  Gas  and  Electric  Company HI.  5(0 

coefflclenta  of  Induction  troni S7J 

fompared  wltli  neutral  voltage Kl.  456 

computation  ot _ - iu.  41* 


._46,  «1,  8T.  les,  MS.  II 


e  on  normally  taolated  Une 1 133.174 


erred  of  conflgura 


3an  t'ernando 177,38*.  410 


opeu'clrcuit  :_X_. 

Paclflo  Light  and  Powur  Corporatlim: 

proposed  tests 

rules  relating  to 


SCO  Power  Company 138,174,143 

(«0.47I.StO 

4B7.5S1,5»: 


RESONANCE  ANALYSIS.     Sm  RnoKuiT  Anai.tiis. 


Coast  Counties  Qas  and  Electric  Company  aMUtratUB.- 
iellnltlon     

standard   Tom 


t  transformer  tests  with : ; 119,  m 

deflnltion  of  ._ 104 

deacrlption  ot  10*.  tlO 

eHect  of  magnetUatlon  of  colls ttS 


•eparalloi:  of  harnKRiics  by HO 

shielding  of til 

RULSS.*      Bee.  alto,  Gbnbrai.  Obdbr. 

recommended  July  7,  IBH lOS 

discussion  - , It,  111 

reasons  for  revising : 41 

recommended  September  28,   1917 : tt 

,  aoplicability    tl.m 

co-operation    -_ *:,  €0 

design  and  const — " —  ~'  " —  '"  *" 


design,  construction  and  arrangement  of  apparatus 4*,  (5 


dlscuasion 


eitating  parallels 43,  Bl 

location  of  lines , 4E.  CI 

operation  and  maintenance 1.-^ i, i. St,SS 

principle  of  least  cost 41,  (0 

SAG  OF  eONDUCTOBS.  effect  on  induction 411.428 

SALINAS, 


bkfck  signal  circuit  ti 


.  _   h  parallel) 

N6.  3  (Sallnas-Soledad  parallel)  . 
Inaulntion  of  telepbone  circuits 


"TnrupaaltloD*.   p 


Cookie 


IXSi 


SAZilNAS— Continued.  ■.■...        ■  r    ■-. 

D*utrAl  .Paox. 

.effect  of 'SSiSW— — ™--- -^-".V.'.'ZIZ _t"irr»"ICZ-ni jCICji U,  IBT 
■    notN  .teata ,        , . „  ,       194 

renduaie 1 ri™""""rir!it!i""'it"V.i"r.':,iti;^i«ri7*.i0'9 

iteUa>''  .     . 

outline  Of ,.. „.. _„_-,„  IJT 

■  .  raviaw  ot . „ , „„  1T4 

SAN  irEBNANDa 

line  to  Somla.  deKriptlon  of 28S.  tU.  378,  41i.  1(1|  411.  ES2 

.    <au*  ax ..^ ;._.4-,-i—  47 

■    I   -   ■  .ittUat  ot  KMunded  ohaae  on  normally  Iwtlatodi  IlncL..-.i— ..^.^.,. — ^— ..      '  KS 

■  '■    induction    ^ »6J,  377,  SSB,4W 

rttnafoaneri 43B 

U_ ,— 48fl.  B20 

SAN  JOSB-  -^^^ — L.^,<sj^-,^ :-^u.;i_-i_i-- ™^-..._,— .-h .->.-!«,  B4p 

Gllroy.    £8e,  alas,  Bxpoacsa  No.  1.  ,.    .  . 

paiallet . _.. ^_— .—„._- 1M7 

telephone  drculta . ;.. ^^.i.j4— ~_       1MB 

WANTA  CRUZ. 

vmaiB-        ...  

IMyeduica  II 

teat>    _ , „-._  i  ( 

transformerm,  laita  of u 253 

'  WatabnviUe  paraJlel,  tranqwaltlon*— u.bp-., ,....^.— ,—  1029 

SBCONDASY  INDUCTION ,__,_„-, ,_, 1S7 

SBttsrrivBNBsa 

oaclllogmph : ;„ n— ... m h . < —330,  224 

'     reawiBat  Bhuot   ^^^ >. .. >_  22S 

SEPARATION.  .  ■  .  i  i   '  .'       .    l- 

harmonlcs,  by  resanant  shunt ^^j±--^-„„i.„ ;. .  220 

power  and  communication  llnea  , 

elTeot  on  Induction ,— __.»T,  4S2,.«73,  689 

horizontal    .-» i.-..^- ~~i.-. .J-... 683 

■  .■  vertical  "        685 

rules   relating  to „ *«,  6J,  M,  IKS,  110,  112,  113 

BtaSHjDET),  daQnlllon . ,-_ „-_^ 204 

SHIBLDINQ. 


Salli^  teata.  Exposure  No.  3 

San  .FemEtado  atudlei 

twin  circuits 

resonant  shunt  . 


SHORT-CIRCUIT  CURRENT,   deflnltlon 

SHUNT. 

noise  al&ndard.     Bee  Noise. 
■   resonant,     Se«  Rk8on*nx  Shtjni. 
■  SIERRA  AND  SAN  FRANCISCO  POWER  COMPACT. 
'    '  description 


residuals  of  — 
Salinas  testa  . 


SIONAI,  CIRCUIT,  deflnlUon  ot 

SIGNALING   CIRCUITS    (railroad) 

SINE  WAVE,   equivalent 

fflNGLB   CIRCUIT.     Dlscusalons  In   the   r 
unless  double  and  twin  circuit  llnea 
SINGLE-PHASE  CIRCUITS. 

chsracterlstic  residual   voltage 

connections  to  ground 


„4«,  92. 1018, 1122 


SOLEDAL),      See,  also,  Saukab. 

block  Blanal  circuit  teats 

BdUnas  parallel   (Exposure  No.  3) 

SOUTHERN   PACIFIC   COMPANT. 

block  signal  circuit  tests .l^l.— 

description  of  exposures .-.. 

s  PAc  I  ng'  of'  coiroucTORa 

■    effect  of.  on  Induction ; 

effect  of,  I 


_.-„ 1J7, 178 

;__'*__ ■   ■        (G 

2<t 

-v—i—r .—      **■  SI 

:,:,7Cd0vGOO<^IC 


■I'l   wOntttwwe*  to- power  olrault*.. 

Sj^ANHO^Uat  bydresleotrlo  staUati.. 

■BTMM  »^ 


of  traaaCorman.     Mm  TaANavoMHM='  >' 


!*^*  'c~~: 


S;BC<»(MITT^  on  TB8TS-- 


SWrrCH  EQUIPMBNT. 
.1^  HIPTTCHINO.'  aiaturblDS 


■bins  effect*  ot — 


STMMBTRICAL  horizontal  C0NE7OUIU.TI0II.     ««•  CoimatJ&AIUM.  - 
STNCHRONOUS  MOTOR.     Bee  MOTOB.  ■  ■<  .  .    ■..-■ 

TBCHNICAI.  RKPOHTS,   lilt  o( i„^__ 

TBLbGRAPH  GIKCUITa 

Ihiped&nce    -^ — >——--.—     ->— — ._ ..-■-■*— wnu:*^;j—. ..-  .--i 

induction 


oomrutatk __. 

detrlaient,   dependenca  on   fraqusnoy-. -_:~i L^.^. — L.-t3, 1»,  lU.  1110 

eleclrio  and  magnetic  o ""  '*"" 


'  effect  or  rotation  of  tilaiie  or  condust'lra  on  Induction  1»  c^Kmirea.... 

See  PASAUiiid,  bsloto. 
pedanGB 


Impedance   - 

Inductton.     L 

ajnount  neceanry  to  cause  Intarferance — 


-: : 1, H" 

„.. .^^ 188.  «S 

_    ,   dependence  on  (requancy - IS.  33.  lOS.llS,  IIOS 

o  ItKhlnlncc  ttrrestera . ~.^ 115 

a  raalduala H4  *M 


effect  ot  admittance  unbalimce ~! -. .Ut.  Il>4 


electric  andmasnetlc  compared l-w.w_      Iltt 

San  Fernando 817.  3S».  «» 

Inmilatlon 

effect  of  low W> 


fIfillnaa-BoledBd  (Bnpoaur 
Santa  Cru«-Watsonvil!e  - 

San  Joae-Ollroy 

private,  tmnapoaltlona  for 


Salinas  teats  - 
Pernant" 

rldine  frt 
scrllfer.  c: 


l».  ES,  94.  SI 

73.  *8 

,  98,  les,  113 


San  P>mando  line  I- 

itilcldlnB  from  Induction.     S«e  Shieuiino.- 


._iaj,  isG,ioii,  1 


rules    relating  lo ^^—.M:  (t;  »J;  «,  tBS,  U8 

•■Standard"  ByBiem  _  '"  *"" 


UNBAt^AJICZ. 


vGooi^Ic 


M» 


TObjONAii  .APPARATUS.     i9«e  AtpakatiW.  '^'     '■•■'■-}■    "-;■-.',■'■' yAO*. 
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.description  of  those  tested 262. 139,  <71,  821. BBS 

doubls-Irequency  phenomena  56! 
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Induced  voltage,  t  ' 


triple  harmonics  due  to 262.41 
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Saiinao-nortfi  parallei 186, 1M9;  1041 

,iglc 


TRANSPOjUTIOI 

Santa  Crui-I      

..gaJInav-Soledad  para] 

s&n  FemandO'SomlB  paralle), 

San  Jose-ailroy  parallet 

telephone  circuit 


dad  paraJtd nT.-,.,  i  u    73    ':    u-^iu  ..ua     ...      ■  M*« 


eipoBed   line  svBtemB llU.lUt 


TRAKSVBmsfc^ 
deaalUoii 
IndUcHon 


coefDclenta  - 


effect  o?,  RcaldmM  BTOund  o 
Induction  ooefflolentB 


magnetic  _ 


...ITS,  B8I.  E>1 


harliontaJ  conflKuratlon 


r  ctrnflgu  ration  - 


vertical  conflKa  ration  . 


trai»position""ir!";;;i".-"'ii""zzrzzzi~""riz£gr!fBr89*rio«i.ii8s.  naj 

Two-PHAaa  ciRcmra. 
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